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ABSTRACT

Interband magneto-optical absorption in the Voigt and the

Faraday configuration has been studied near l1iquid-helium temperature

in samples of In_,8a,As Py, grown by liquid-phase epitaxy on InP

substrates and are reported here in two samples with (x=0.25, y=0.52)

and (x=0.47, y=1). The magnetotransmission spectra were analyzed using

the quasi-Ge model with exciton corrections. It is found that such

measurements determine Eqs Vwz=0m+1/m,), and wu =(1/m +1 /mp),
and therefore me and Mops within a narrow range (my, &gt;&gt;m and mp) The

anisotropy factor Y3=Y2 is-also determined within a narrow range when

measurements are performed with H oriented along two different crystal

axes. Using a minimization routine the following quasi-Ge parameters

sere obtained. For (x=0.25, y=0.52): E,=106541 meV, m/u_=18.840.5,

n/u,=29.520.5. Assuming (mp /m),  =0.45:0.05, A=0.24+0.01 eV, and Eq
between 17.5 and 25.8 eV (F=0 to -3.5) we obtain m./m=0.0602x0.001

m,,/m=0.078+0.001, g9.=-0.06to -1.25, v3-v2=0.35 or 0.7 gave the same
values, within the error bars, for the above parameters. (Only H| | [100]

data were taken). With ygv,=0.7, y]=7.5:0.3, yp=2.4:0.1, v5=3.1:0.1,

L=1.540.1. For (x=0.47, y=1): E=813:1 meV, m/u_=26.1£0.5, m/u =43.4£1.0.

v3-Yo=0.8+0.2. With(m,p/m);,s0.45£0.05, A4=0,35+0.01 eV, and Ey between
21 and 27 eV (F=0 to -3.5) we obtained m./m=0.0415:0.0015, m,/m=0.0515£0.0015,

3.=-3 10 -5, v3-v,=0.80.05, 5=10.6:0.2, v5=4.0:0.1, v5=4.8:0.1, $=3.3:0.1.



En could not be precisely determined even when the nonparabolicity of

the conduction band was examined. A precise measurement of E,

requires precise measurements of Je
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CHAPTER I

INTRODUCTION

In this thesis we report on the interband magnetoabsorption

measurements carried out in two members of the family of semiconducting

[II-V alloys Inj_y8a,As Py _y which are grown by liquid phase epitaxy

lattice matched to InP substrates.

One of the motivating factors for this investigation is that

the Inj_xGayhs Pq _y quaternary alloys have recently become technolog-

ically important semiconductor materials for optoelectronic devices

because of (1) wide variation of the bandgap between 0.36 and

2.2 eV by varying the composition parameters x and y, and (2)

lattice-matched epitaxial growth on GaAs or InP substrates. These

materials have been used successfully for the fabrication of a number

of important devices such as light emitting diodes, 2 photocathodes,

shotodiodes Gunn oscillators,’ and double heterojunction lasers.’

An important application of the Inj_xGa,As Py_y quaternary

expitaxial films is in the field of fiber-optics communications,

since using these materials it is possible to fabricate lasers and

detectors which operate in the wavelength region corresponding to

the region of minimum loss and minimun dispersion of optical fibers.

Until recently, this has been the 1.2 um region, 8° corresponding

to 1.0 eV. More recently, however, fibers have been developed whose

optimal operation region lies in the longer wavelength region
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corresponding to alloy compositions closer to the In, 5362 47s

end of the family.10

Another aspect of these quaternary materials which is

interesting from the point of view of device application as well as

physics of III-V semiconductors is the fact that in addition to the

band gap, other electronic band parameters for these materials can be

varied by varying the alloy composition.

A potentially interesting application of these materials

from both device and physics paint of view is to the fabrication of

super-lattices. The evidence for the growth of interest in these

materials comes from the increase in the number of contributions in

the literature in recent years dealing with this alloy family.’

The first systematic measurements of the relationship between x and

y and the laser emission photon energies at temperatures of 300K and

80 K for the quaternaries lattice matched to InP were obtained by

Hsieh. 12 Nahory et all’ used photoluminescence spectra to measure

anergy gaps, as well as the lattice matching condition. The lattice

matching condition is generally taken to be y=2.2x or x=0.47y.

The first measurement of the effective mass in a member

of this alloy family was reported by Restorff et all? who deduced a

value of m.=0.060 m (where m is the free electron mass) from the

temperature dependence of the amplitude of weakly resolved Shubnikov-

de Haas measurements in a quaternary sample with composition

narameters x=0.10, y=0.22.
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At very. nearly the same time that we reported our first

interband magnetoabsorption measurements of these materials (x=0.25,

y=0.52),1° Portal et a11® reported measurements of the effective

masses of four members of the alloy family using magnetophonon

resonance, Shubnikov-de Haas oscillations, and cyclotron resonance.

Jur effective mass value of m.=0.061 m and those of Ref. 16.

suggested very strongly a linear variation of Me with y for

In; _x6a,As Py_y alloys lattice matched to InP. In fact, Nicholas

et a1’ suggested the empirical relationship m.(y)=(0.080 - 0.039%y) m.

It was noted 16,17 that the value of Me for samples with x=0.12 and

y=0.23 reported in Ref. 16 was 0.072, 20% higher than the value

reported earlier in Ref. 14 for x=0.10, y=0.22. Furthermore, the

value of m.=0.038 m estimatedbyNishinoet alld from electro-

reflectance studies of an alloy with x=0.21, y=0.54 fell well below

our value of 0.06Imfor x=0.25, y=0.52. In a more recent publication

by Brendecke et a1? cyclotron resonance results were reported and

effective masses were deduced giving values between 20% and 30%

below the linear interpolation. Shubnikov-de Haas measurements

reported by Perea et 2120 were closer to the linear interpolation

with a small cownvard bowing which was about 9% at the most. The

more recent Shubnikov-de Haas measurements of Restorff et a1?! were

also in better agreement with the linear interpolation compared to

the previously reported results of Ref. 14. In a very recent

article, Nicholas et a1%2 have reported cyclotron resonance and

magnetrophonon resonance measurements of the effective mass m. for

several members of the alloy family over the whole range y=0.23 to

y=1 for lattice matched samples. These results agree very well with
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the linear interpolation for Me mentioned above and as pointed out

in Ref.22, our result!” is in agreement with theirs. Furthermore,

in Ref. 22, the authors show evidence that the low masses deduced

by Ref. 19 result from an observation of an impurity transition

which is dominant for lattice temperatures below 30K. In summary,

our results and those of Refs. 16, 17 and 22, are in excellent agree-

ment with the linear interpolation for m..

Interband magneto-optics has played an important role in

providing a quantitative understanding of important energy bands in

semiconductors. The interband magneto-optical effects have been the

subject of extensive experimental and theoretical investigations.

Extensive references to these important contributions can be found

in the review articles by Lax and Mavroides 22 and Aggarwal.

One feature of magneto-optics is the richness of the spectra as a

result of optical transitons between the a*(n'), bX(n'), a%%n"),

and b°%(n') series of the heavy (-), light (+), and the spin-orbit

split-off (so) valence band magnetic sublevels to the conduction

band a(n) and b(n) magnetic sublevels. This enables one to

extract a lot of information about these bands by examining interband

magneto-optical spectra as a function of light polarization and

crystal axis orientation with respect to the magnetic field, provided

the sampes are of high enough quality to allow some of these features

to be resolved. Therefore, one aspect of our intial objective was

to determine whether these alloy semiconductors can indeed be

amenable to magneto-optical studies and whether they could provide
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magneto-optical spectra with enough structure to enable us to obtain

some of the band parameters. This thesis reports on such studies

and indicates that there is a great potential for applying the rich

method of interband magneto-opticstothisalloy family. We bring to

attention the results for one of our quaternary samples” and those

for a ternary Ing 536ap 47Rs sample 2226 which are described in

this thesis. We have also obtained room temperature electro-

reflectance spectra for a number of quaternary samples using the

electrolyte method of Cardona et a1%’ which we present in Appendix A.

The signal to noise ratio and the presence of the onset of Franz-

Keldysh oscillations2s point. to the high quality of samples avail-

able to us (for example compare spectra in Appendix A with those

reported in the literature). These studies of electroreflectance,

although preliminary, are encouraging and suggest that magneto-

electroreflectance measurements?&gt; *&lt;0 for both the fundamental edge

and the split-off edge would be possible in these alloys. Stress

modulated magnetoreflection measurements may also turn out to be

70ssible 31

Interband magneto-optical measurements, as mentioned before,

have been extensively used to determine band parameters of semi-

conductors. The model which is most applicable for the analysis

of these spectra is the "Quasi-Ge" coupled band model of Pidgeon

and Brown, 52 with the improvements incorporated by Weiler. 33

The band parameters we shall refer to are those which appear in Ref.33

for example. In Chapter II of this thesis a review of the "quasi-Ge"
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model, based on Ref. 33, will be given. In Chapter III, we present

our magnetoabsorption experiments in two members of the alloy family.

In Chapter IV, we present analysis of our magnetoabsorption experi-

ments based on the quasi-Ge model. The presentation in this thesis

would be similar to those in Refs. 31 and 33. In addition, we

include a discussion of the effect of higher bands on our measurements.

In Chapter V, we give a summary of the results and suggestions for

future work. In Appendix A, electroreflectance spectra for a few

quaternary samples will be presented. The remaining Appendices,

will be dealing with some of the details of Chapter IV and the

ronparabolicity of the conduction band.

Briefly, the band parameters which are readily obtained

(within a few per cent or less) from interband magneto-optical

measurements (in the absence of well resolved spectra from the

spin-orbit split-off band to the conduction band transitions) are

the following: the energy gap Eg» the reduced effective masses

(1/u,)=(1/m_)+(1/m,) for the conduction and heavy (-) or Tight (+)

hole bands, and the anisotropy factor Y3=Yp- Since m_ is quite

large compared to m, (by a factor of 10) 1/u_ determines me

within a marrow range, thus the value of m_ is also determined

within a narrow range.

Another important parameter is Ej, the interband transition

anergy, which is proportional to the square of momentum matrix

aTement between valence and conduction bands. Since the effect of
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higher bands is quite small on 9s the conduction band g-factor, 3»34

the measured value of g. can be used to obtain Ey provided the

g-factor values are measured to a good degree of precision and the

spin-orbit splitting energy A and the energy gap Ey measurements are

available. On the other hand, since the effect of high bands on

the curvature (effective mass) of the conduction band could be as

large as 20% of that due to the valence bands, me cannot precisely

determine Ep However, magneto-optical measurements can determine

Ey to within about 20%. We have found that a linear interpolation

of the values of Ey from the binaries InAs, GaAs, and InP can give

good fits to our data. Ignoring the effect of higher bands, which

would predict a smaller Ey can also give good fits.

| 35,36 . .

Recently, Hermann et al have applied the technique

of optical pumping for the measurements of valence band spin-

orbit splitting in several samples of Ini _xBaAs Py y over the range

y=0 to 1 and their values for m_, m,(1ighthole effective mass), and

_ (3/u,) + (Vu)
Iu) - (T7u)

are in excellent agreement with the values we have obtained for our

quaternary and ternary samples. For g. a preliminary value of

. 36 :

(-4.2+25%) has been obtained” for the ternary Ing 5363p 47As, again

in very good agreement based on interpolated value of Eq which we

had used for the ternary, however, work is being done to reduce

the error-bars on q._ 36
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CHAPTER TI

THEORETICAL BACKGROUND

A. Introduction

The effect of a magnetic field on the energy bands of a

semiconductor particularly as it affects the interaction of

electromagnetic radiation with these materials has been the subject

of a great deal of theoretical and experimental studies. The

impetus for the vast amount of research in this area was the early

intraband cyclotron.rtsonance experiment first carried out at micro-

wave frequencies, | *2 and later at infrared wavelengths. In

this thesis we are interested in optical transitions (in the infrared

region) from the valence bands’ magnetic sublevels to the conduc-

tion band's magnetic sublevels, corresponding to the fundamental

gap of a semiconductor in the presence of an external magnetic

field. This is in general referred to as interband magneto-optics.

The interband magneto-optical effects have been the subject of

extensive experimental and theoretical investigations. Extensive

~eferences to these important contributions can be found in the

review articles by Lax and Mavroides® and Aggarwal.’

Specifically, we are interested in a theory which enables

us to calculate the energies of the above mentioned magnetic

sublevels for a direct gap III-V semiconductor of the zinc-blende

type (point group symmetry Tq) with the fundamental gap occurring
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at the Brillouin zone center (k=0)

The theory we shall use to interpret our magnetoabsorption

axperiments is the coupled-band quasi-Ge model based on the K-p

perturbation theory carried out by Pidgeon and Brown’ and later

modified by Weiler® and coworkers.”

In Section B we give a brief review of Kp theory for

zinc-blende semiconductors leading to the quasi-Ge model Hamiltonian

of P.B. modified by Weiler. In Section C we give some of the results

of the quasi-Ge model. In Section D the selection rules for

optical transitions will be given.

B. Effective-Mass Theory and the Magnetic Field -- kK-p Theory
For Zinc-Blende Semiconductors

A principal approach to describing the motion of charged

carriers in a perturbed periodic potential is the effective-mass

theory. In this method, the effect of the periodic potential on

the dynamics of the charged carrier is replaced by terms which

appear in the equation of motion much in the same way that mass

appears in the case of free electron. In the simplest case these

constants take the form of a mass tensor. In the case of degenerate

or nearly degenerate bands, the effective-mass constants appear

in a more complicated form. In the effective-mass method of

Luttinger and Kohn (L.k.)'O the motion of an electron in a

berturbed periodic potential (e.g., electron in a semiconductor

in the presence of an external magnetic field) was considered
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and effective-mass Hamiltonian was obtained, including the Kp

and spin-orbit terms.

3 - A Brief Review

Before we give the formalism of the coupled band

quasi-Ge model we review some of the work which led to that of

P.B. and Weiler for the case of zinc-blende type semiconductors.

In the case of InSb, with band extrema at the fundamental gap

at the Brillouin zone center, in the absence of an external magnetic

field, Kane! did the following. He considered the Schrodinger

equations for the cell periodic functions, including the Kp and

the spin-orbit interaction terms. For k=0 he used the single-group

basis functions of the Tq group. He explicitly considered basis

states T, (s for conduction band) and Ip (X,Y,Z for valence bands)

for k=0 at the fundamental edge. Including up and down spin

nave functions he obtained two degenerate sets of four basis

functions and for the Kp Hamiltonian obtained two 4x4 matrices.

In these matrices he considered all possible matrix elements of

the kp as well as the spin-orbit term between these I and Ty

functions (S,X,Y,Z) of the fundamental edge up to second order

in K. The first-order matrix elements coupled different

nembers of the (S,X,Y,Z) set. The second-order terms included

not only these four functions, but also the higher bands as

intermediate states. For the case of these higher bands spin-

orbit splitting was ignored and single-group basis functions rps
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Cas Tp and Tg appeared in Kane's treatment (prime indicates higher

bands). The effect of these higher bands appeared as band

parameters in the 4x4 Hamiltoniansof Kane and the effect of spin-

orbit splitting was included only in the conduction and valence

bands of the fundamental gap. The effect of higher bands

appeared only as coefficients multiplying % terms in the 4x4

Hamiltonian matrices. (For Kane band parameters see Appendix B.)

The Hamiltonian was then expressed in terms of linear combinations

of X,Y,Z and the spin-functions 4 and 4, which diagonalized the

spin-orbit interaction.

A second approach was chosen by Luttinger, 12 who used

group theory with the double-group representation of Tq to obtain

all of the allowed matrix elements of K and Exk among the four-

fold degenerate valence band states transforming as the Tg double-

group representation of Tq The intermediate states (which included

the T'e conduction band) were also taken in the double-group

representation. His results involved band parameters which were

linear combinations of those of Kane, but in addition included a

parameter q, which is nonzero only in the presence of spin-orbit

splitting of the intermediate states. Since he considered

coupling only among Tg valance band state, Luttinger obtained a

1x4 matrix. Roth, Lax, and Zwerdling (R.L.2)13 improved the

treatment by including also the spin orbit split-off band Ty but

still leaving the Ir conduction band as an intermediate state
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(getting a 6x6 Hamiltonian). Pidgeon and Brown’ included the Te

conduction band in their analysis (8x8 Hamiltonian). However,

they ignored the spin-orbit splitting of the intermediate states.

Thus, P.B. combined Kane's method of calculating bands for H=0

with R.L.Z.'s method of treating the magnetic field in the coupled-

band scheme. Thus, P.B. included the coupling between the

conduction and valence bands exactly, and the effect of higher bands

to order KZ. In this manner the effects of nonparabolic

conduction and light-hole bands, warping of the conduction and

valence bands, and the quantum effects of light- and heavy-hole

valence bands were included. Their 8x8 Hamiltonian does

not include q and higher term corrections to the conduction band

g-factor, i.e., Ny. The 8x8 Hamiltonian can, under certain

approximation, be broken into two 4x4 block diagonal Hamiltonians;

the so-called quasi-Ge model Hamiltonians.

In Weiler's:? treatment (unlike in P.B.) the spin-

orbit intereation as regards to its effect on the symmetrics of

the intermediate states was not ignored. In this treatment, the

double-group basis states rg (for the conduction band), rg (for

the heavy and light hole valence bands) and ry (for the spin-orbit

split-off valence band) were used, both for the fundamental

adge bands and the intermediate bands. Thus an 8x8 matrix was

obtained with fe, 2, and ry as its basis (c refers to conduc-

tion band and v to valence band, see Figure 11-1). These basis
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functions are given in Table II-]

To obtain the 8x8 Hamiltonian group theoretical analysis

was used utilizing tables of Koster, Dimmok, Wheeler, and Statz,

(K.0.W.5.)'% to find all of the allowed matrix elements of Kk and

kxk among the Ig. 4» and Ig basis states of the double-group

representation of Tq and a complete set of independent parameters

were obtained (see Table II-2). These include, in addition to

the P.B. parameters and q, three additional small parameters

Nys Ny, and Nj where N, is the contribution of the higher bands

to the conduction band g-factor 9c and is nonzero only in the

oresence of spin-orbit splitting of the higher bands, and N, and

Na are two inversion assymmetry parameters. In the rest of

Section B we give a brief account of the formalism of the K-p

theory in a zinc-blende type semiconductor (point group

symmetry Ty) in the vicinity of the zone center (k=0) near the

fundamental gap, in the presence of an external magnetic field

H, up to second order in k and first order in H, as presented

in Weiler's thesis. We also compare the two 4x4 quasi-Ge

Hamiltonians for the a- and b- sets obtained from the 8x8 Hamil-

tonian under certain approximations with those given by P.B. who

neglect terms involving N, and q. For the purpose of analyzing

our experiments we have used Weiler's quasi-Ge model Hamiltonians

which include N+ and gq, although it turns out that for the

physically reasonable range of N; and q, our experimental data
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are insensitive to these two parameters. This will be discussed

further in Chapter IV and Appendix B.

B. 2. The Effec¢tive-Mass Hamiltonian

The envelope functions f(r) are the solutions of the

effective-mass Hamiltonian, This is given below up to second-

order in k and first-order in H, according to the L.k.10 method

as given in P.B.°
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The functions uo(F) are the Bloch functions at k=0 and include

both space and spin variables. The symbols used above are:

X,Y,z are the indices in a right-handed

coordinate system (x,y,z) along the principal

cubic axes.

-

.

1

EY

 Nn

(ry ry r,) is the position vector in the

(x,y,z) system.

: The external static magnetic field = VxR.

The vector potential, will be taken in the

Landau gage.

Pauli spin matrices, e.g., o, = s 3.
eh _

Pa Bohr magneton.

Free electron mass.

Absolute value of electron charge.

o

7

T

1

29!

(¥)

-

-

Speed of light in vacuum.

h/2w, where h is Planck's constant.

V(¥) is the periodic crystal potential.

-ifV = -ih(z, wis 2) is the momentum
ry ary, ar,

matrix element.

Modified momentum matrix element between bands

¢ and ¢2' at k=0, including spin-orbit inter-

action.

The Bloch function at k=0 for the 2'th band.

It has the periodicity of V(¥). These

functions include the electron spin variable

as well.
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j and j' = Indices which run over the two conduction

bands (Tg) the four valence bands (rg) and

the two split-off bands (1) of the fundamental

gap.

The energy of state j at k=0.

The index which runs over all higher bands,

clearly i#j,.J’'.

—y
- The energy of the ith state at k=0, including

spin-orbit interaction.

The terms involving subscript jj' are understood to be matrix

elements between u30(r) and Usio(r). Equation (2-1) is actually

a set of eight equations since j refers to eight different bands.

The sum over j' in Eq.(2-1) extends over the eight bands represented

by j and j'. In the presence of a magnetic field, the operators

Rk; a=X,Y,z) which appear in Eq.(2-1) are defined as

k=x3+(D A) (2-5)

Fquation (2-2) defines the effective-mass tensor, the summation

here is over i, all the intermediated (so-called higher) bands

outside of the eight bands Te » Tg» and r, corresponding to the

fundamental gap. The energy Es in the denomenator is usually

replaced by an average energy Eo Equation (2-3) defines the

modified momentum matrix element Ly The Tes Tg and Ig are

double-group representations of T,
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FIGURE II-1 Schematic diagram of the band structure near k=0

in a direct gap zinc-blende type semiconductor at the

fundamental gap Eqs at zero magnetic field. The bands

which are explicitly treated by the 8x8 Kp Hamiltonian

are re conduction band (2-fold spin degenerate) the

re valence band (4-fold degenerate at k=0) and the

ry split-off band (2 fold spin degenerate). The rs and

rs bands shown above are the closest higher bands.

For K#0 the kp interaction reduces the 4-fold degenerate

of ry into two 2-fold spin degenerate heavy (-) and ligth

(+) hole valence bands. In the presence of a magnetic

field, the spin degeneracies are removed. In the single-

group representation the valence bands belong tor, (in the

notation of Ref. 14, this is called Ig).
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In P.B. treatment, the second term in Tog! is

ignored. Also the intermediate states u, (7), where 2#j are

those corresponding to the unperturbed Hamiltonian without spin-

orbit interaction, that is, they have the symmetry of the single-

group representations of the Tq aroup. Weiler®:? on the other

hand considers u, (F) belonging to the double-group representation

of the Tq group and as a result she obtains additional parameters

Nys Ns, Ns and q, where q is the parameter found earlier by

Luttinger. 1? For T, 41 She also disregards the second term for 2,

t' outside the 8 bands under consideration. However, note that

Poy and Tyg! have the same symmetry properties. From here on

ve give a brief account of her method and follow her results.

In Section B.3 the (effective-mass or so-called 1)

Hamiltonian of Eq.(2-1) is retained to second order in k and

first order in H and obtained as an 8x8 matrix coupling the

6 (3=1/2) conduction band, the rq (3=3/2) light and heavy hole bands,

and the ry (9=1/2) spin-orbit split-off valance band (see

Figure II-1 for band diagram). The effect of other bands appears

as coefficients in the 8x8 Hamiltonian matrix. In Section B.4,

we give the simplified version of the Hamiltonianwhich is decoupled

in two block-diagonal 4x4 matrices for the so-called a-set and b-set

This is the so-called quasi-Ge model Hamiltonian which affords us

the ability to calculate numberically the energies of the valance

and conduction bands in a magnetic field. The quasi-Ge model is
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obtained from the full 8x8 Hamiltonian by neglecting a number of

small terms which are proportional to the warping and asymmetry

parameters. WeilerS:d has shown that when those terms are

included they are responsible for cyclotron harmonic transitions

nhich have been observed in InSb.

RB 3. The 8x8 Hamiltonian Matrix Using Double-Group Representa-

tion of T4

The basis functions uso(F) used by Weiler”? in the

sffective-mass Hamiltonian of Eq.(2-1) is given below in Table II-1.

TABLE Ii-1

a-set

1&gt; = 02,172 =

13&gt; = A = - {x + iY)+

15&gt; = 43,51/2=ait - iY) + 224]

02a = ALK - iN4 - 24]

b-set

22 = W070 =

16&gt; = 43,5 12 = - Hx + 4Y)4 - 24]

14&gt; = rm a - x - iY)

8 =v] 1p 1/2 = - A(X + iY) + 74]
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In Table II-1 spatial functions X, Y, Z and the spin

functions + and ¥are those used by Kane, |! for the zero magnetic

field case. The superscript on ¢ indicates which double-group

representation of Tq y belongs to, and the subscripts give J

and Mj, the quantum numbers for the total angular momentum

and its z component, respectively.

As mentioned in B.1 of this Chapter WeilerS?’ considers

all of the matrix elements of k and kxk among 7, ry, and ry

(Figure II-1). Some of these couplings involve only these

subset of bands, and some involve higher bands with Tes Tg» and Ty

symmetry as intermediate states. Table II-2 summarizes all of

the real independent parameters in this manner (same as Table II-2 of

Ref. 8 and Table I of Ref. 9). The TgxTg parameters yy, Yo» Y3»

and q are defined in Ref. 12. The I,XTg parameters are independent

of the TgXTg parameters, but are expected to be very close to

them. Explicit expressions for these band parameters will be

given in Appendix B. Table II-3 of Ref. 8, (same as Table II of

Ref. 9) gives the 8x8 kp Hamiltonian to second order in k and

first order in H and will not be reproduced here.

3 Ld Quasi-Ge Model in a Magnetic Field

For a magnetic field H in the direction defined by the

spherical polar angles 6 and ¢, with respect to the principal

symmetry axes (x,y,z), a coordinate transformation is performed
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TABLE II-2 Parameters of the k-p Hamiltonian among the gs Ty

and I'y band-edge states. (After Ref. 8).

(RK)
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so that in the new-coordinate system (1,2,3), the magnetic field

would be along the 3-axis. The corresponding rotation of the

basis states results in a transformation of the k-p Hamiltonian

according to %y(0,6)=U"U with U given in Table II-4 of Ref. 8.

Note that with H along the 3-axis, i.e., H=H(0,0,1),

Acan be chosen such that R=gH( 5.77.0) (Landau gauge). Then,

since hk=[p+(e/c)A], we have ky=(1/8) [py-(5r,1, and

ko=(1/8) [py-(50)ry 1. Since [ry.pgl=1hé it is recognized that

if one defines a={k;-ik,) and a*z {ky +ikp) with Az(fic/et) 2

then one obtains

d.d | = (2-6)

a’ and a are thus recognized as the raising and Towering operators

for the harmonic oscillator wave functions with a’, =/n] Ppt?

—— : + i y

ag, =/n 0-1’ and a a¢_=né¢. The operators ky and k, can then be

axpressed as

| +
BY icons ’ke = 375 (ata®)

+

ky = 755 (a-a")

Kok

(2-7a)

(2-7b)

(2-7¢)

in the 8x8 Hamiltonian of Refs. 8 and 9.
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Next in the transformed Hamiltonian (0,0) if one

neglects terms proportional to Ky» q,C,G,N, and Ns and most terms

proportional to the warping parameter hza{v3=1p) one gets the

8x8 Hamiltonian separated into two block diagonal 4x4 Hamiltonians

corresponding to the a-set and the b-set, i.e.,

Ya 0

Hy (0.4) rs (2-3)

° | 5.01

ere FU, and are called the quasi-Ge model Hamiltonians

given here in Table II-3 where

it
/

§

+ (vy-v4)f(6,0)

 (yoy) F(8,0)3 Yvo + 33 * glvov,

(2-9a)

(2-9b)

Nith

for ¢=45-,

2 2

(0,4) = (3-€05_0-1)" 3 cos? 24 sin’ 3

fi e., tf in the (119) plane q, ans a, are given as;

(2-9c¢)



TABLE II-3 The Quasi-Ge Model Hamiltonian

GR

 og =

{

E_+2gH[F(2a*a+1)

Cin (ated)

gHE ) 1/2 a

1 1/2 at
-(38HE )

(HE y 1/2 a’

 6H (vy +v') (2a"a+1)
+3k+q, ]

2v3 yv" BH at?

 5s

1 1/2
-(38HE,) a

2v/3 +v"8H a

-6HL(3,-v' X2a"a+1)
-etq]

(7-

1/2
2 a

(38HE,)

-2v/6 v"gH 32

Fa+1)H[y'(2a
a cee]

1

!-
‘
~

3

A

~Y

Fo.
LJ

jun

2 1/2 _+
(3 BHE,) a

2&gt;

E +28H[F(2a*a+1)

J -N,+a*a]

1 1/2
(3 BHE,) a

-( gHE 1/2 a’

2 1/2
(3 BHE )) a

2/6 v"gH at?

65&gt;

(+ ae )1/2 at

-BHllyy-v') (2a"a+1)
+=: ]

2./3 I gH a +2

-v2 gH[v' (2a*a+1 )

tie]]

[ '(2a¥a+1)
/28H ro

(aE) 1/2 a

4

2/3 +" gH a‘

 gH (yyy)(2a241)
-3k-q4]

2/6 +" gH 32

-A-8H[yq (22 a+1)
~2c-1]
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2 1/2 +

(3 BHE ) a

v7 sH[y' (2a a+1)

+ic+1]
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2/6" BH a

-A -eH[v;(2a" a+)
+2c+1]
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 7

23
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JG

E-



39

3 = 2 q(3 cost 9-2cos%e+8)

Ig = 2 q(27cos o-18cos 6-10)

The operators a and at are given by

-1/2
2eH .

(Ze) (ky+iky,) ’

2 -1/2

2 = (BE) (ky Hiky)

8 = ug= (eh/2mc) = Bohr magnetonand

,: mp2 he

(2-10a)

(2-10b)

(2-113)

(2-11b)

(2-11c)

(2-12)

The Hamiltonians in Table II-3 are equivalent to those of

 B.7 with the following corrections:

1) The parameter Ny» which gives the effect of intermediate states

on the g-factor of the conduction band, as well as diagonal terms

proportional to gq, are included here.

2) In Eq.(10) of Ref. 7, for the (3,7) and (7,3) matrix elements,

v' should be replaced by -y".

3) In Eq.(11) of Ref. 7, for the (4,8) and (8,4) matrix elements.

+* should be replaced by +"

In the quasi-Ge model one then has to solve these two

Schrodinger equations for the a-set and the b-set.

a 12&gt; = Ele

“4, Ib&gt; = E[b&gt;

(2-13a)

{2-13b)
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The: solutions are of the following form.

| as

“n
4 n

n

a3 0-1
n

ag P+]

n

a7 tne]

“He

n

by
n

bg 9;
n

by n+]

pn
"8 Pn-1,

(2-14a)

(2-14b)

vhere n is an interger and n &gt; -1.

Here on is the harmonic oscillator wave function so that

+ _ rg n n

a ¢, yn+l bn47 and agp n 60-1" The coefficients a; and bs are

zero for those values of n which make the subscript of ¢ negative:

i

-1_-1_0_-1_,0_-1_,-1_,0_
a =a3=a, =b,=bg=bg=bg=bg=0

For each integer n &gt;1the two 4x4 Hamiltonians give

eight independent solutions: |a(n)&gt;, |b%(n)&gt;, |a™(n)&gt;, |b™(n)&gt;,

la*(n)&gt;, Ib*(n)&gt;, 1a%%(n)&gt;, |b°%(n)&gt;, where "c" refers to the

conduction band, "-" and "+" to the heavy and light hole valence

bands respectively, and "so" to the spin-orbit split-off band. In

fact with eigen-vectors of the form in Egs.(2-14) the a, a’, 2°

and ate operators in matrices of Table II-3 can be replaced by
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expressions involving n, more explicitly: a and at? are

replaced by [n(n+1)71/2, and

+

 ad a=&gt;

(n) in (1,1), (2,2)

(n-1) in (3,3), (6,6), (8,8), (6,8), (8,6)

(n+1) in (5,5), (7,7), (5,7), (7,5), (4,4)

(m+)V/2 in (1,5), (1,7), (2,8)

m2 in (3,1), (6,2), (8,2)

3

(n+1)V/2 4n (5,1), (7.1), (4,2)

m2 in (1.3), (2.6). (2,8)

giving the two 4x4 quasi-Ge model Hamiltonian matrices in terms of

n. One can then use a computer to determine eigenvalues for

£qs.(2-13) as well as eigen-vectors (i.e., values for a and b's),

for a given set of band parameters and aribtrary n.

 ~N
I Some Results of the Quasi-Ge Model

Reference 6 gives explicit expressions for the deter-

ninantal equations for the eigenvalue problem of Eqs.(2-13);

this is given in Eq.(83), where the terms involved are defined

in Egs.(81) and (82) for the a-set and the b-set respectively.

In Eq.(81) one should read F=-[6n(n+1)1"/ 2". In this treatment

N, and q are ignored. The eigenvalues (E, and E, in our
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notation) are expanded in a power series in s(s=28 H) and expres-

sions are obtained for the eigen-energies up to second-order in

~

ot 2 Energies Up to First Order in H

The conduction band energies to first order in H are

c[a%(n)]

E[b¢(n)]
Eg + (n+5)f tg BH (2-35)

where wes the cyclotron frequency, me the effective mass, and Ie

the g-factor, are for the conduction band and they are given as

follows:

 wD . eH/m_c

m 1 2 1
— = 1 + E (=— +r) + 2F

mM, 3p Eg Eg A

]
2 1 1

:2 « SE (= - =) + 4N
E +A 1

3 Eq g

21 - 2 . 27 + aN

3k, Eta 1

a

(2-16)

(2-17)

(2-18)

(2-18a)

which include the higher band contributions F and Ny. These

contribution have been considered earlier by Groves &gt; and more

recently by Hermann and Weisbuch'® (see Appendix B). The valence

band energies to first order ares (+ for light hole, - for heavy

hole: n&gt;1 for heavy holes and n&gt;-1 for light holes).
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c[a*(n) J=-26H{ (nth = ¥'" + gc + (3+)
(2-79)oq

yhELEJ0103+an(m1)(v0)

E[b™(n) 1=-28HL (n+3)v] +v'E- p=(3+F)a
(2-20)

w/lyE+(n by rb Load+5! {5=fal+3n(n+1) (+v"5) 23

where f = f(6,¢) and “a v't, atc. are the Luttinger'® parameters:

~ = HEE) +1
_ 1 '

- 5lEp/Eg) + y

ul &lt; 1 n

r = glEp/Eg) + vy

 1

(2-21a)

(2-21b)

(2-21¢)

(2-21d)

“or n=-1 and 0, and assuming g=0

e[a*(-1)] = -aHly-y't-cl]

f[a*(0)] = -gH[3y}-3y tc]

E[b*(-1)] = -gHLyj+y'-3c"]

EbY(0)] = -gH3yi+3v boat]

(2-22a)

(2-22b)

(2-22¢)

(2-224)

For large n, Eqs. (2-19) and (2-20) give
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Ea"(n)]-Ea (n+1)] = (3) -28H&gt;0 (2-23)

and similarly for the b-set. Here the effective masses for the

heavy (-) and the light (+) hole bands are given by

For

1/2

mr = vi (yh? + 3(vH4 /

£,/E, &gt;&gt; v's, a thi q 1 1 VAS

mn _2E Tro n

n= 3, FE +3y")

(2 24)-

(2-25a)

(2-25b)

which shows that the light hole band is nearly the mirror image of

the conduction band, and the heavy hole mass has a large effective

NasSs

“or the spin-orbit split-off band, to first order in H

-| J
(n)]=-a(n+3) T) + i

5 ne 795, J28H, with n=-i,0,1

-
_ 1

(n)i==0-(n-7) ma, 28H, with n=1.2,3...
SO ’

no. L Epr] 1 4
no booed 1

ng, 17 37E, TE
“n

3(E_+4)

(2-26a)

(2-26b)

(2-27a)

(2-27b)
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and

L 2A]so” +} - +A

Ugo = ~2l2x 3, E,
(2-28)

which gives

= -4(k Ny)1. + 950 (2-729)

[t turns out that Ny is very small (Appendix B, and Ch.IV),

therefore,

~

o @ 2

1 Jd
20

PA

Energies Up to Second Order in H

(2-30)

We now consider the corrections to the energies, second-

order in H. For this purpose, we could follow the procedure of

Ref.6 and use Eq.(102). From this equation one can find correction

to the conduction band energy. For simplicity one can ignore the

affect of higher bands and obtain Kane's formula) namely set F=0,

vi=-1, Y9=Y3=05 = Then for the average conduction band a

and b series energies in the units of (28H)° Ref.6 finds the

following second-order correction.

2
1/2 2 [3E_+4A+2A"/E

1 m= (nts) (D_ 7) re
7 me. Eta 3E +22Oo

(2-31)

[See Eq.(110) of Ref. 6 for example]. Note that in this formula
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is given by Eq.(2-17) but with F=0. This result is in agreement
Cc

with Vrehen. '’ He started with Kane's determinantal equation, i.e.,

ylore

ind

- fT  £ )(E')(E'+a) - K%PP(E

2,2

E' = E(k) hk

from Eq.(2-12)
2

2 _h

i @)] 0 (2 22)

(2-33)

(2-34)

For the conduction band, keeping only terms up to K*, Vrehen

ybtained, again with F=0,

-

-

-—

Ea

2,2 2,22hk m 2,/h7k

Eg) Zn ~ Go DG)

,

3E +80+202 JE

(EAE +24) (2-35)
g g

One can then make the following substitution

2,2

x (n+) (28H) (2-36)

to obtain the expression for the average energy of the conduction band

3 and b series in aareement with Eq. (2-31).

Johnson. '8 starts with Eq.(2-32) and rearranges terms

Fo obtain
y 2

E +
 2 2,

(E FE) =k P (mg)C (2-27)
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This yields

veEYE

1/2
2,2 2,2  f.(E')

FERS ET 1 Sa

oEgt 2m tz Egle E, ]
C

E +. ve A EF? 2

(EY) = 2 Er
E +50 a

(2-38)

(2-39)

Comparing this with Eqs.(41) and (51) of Ref. 18, one see that

in Ref. 18, fq (Ec) is used instead of fi(E"). Again when one

keeps terms up to Kt, one can recover (2-35). In all of the

above treatments the higher band contributions including F is

ignored. We would like to keep F nonzero. We start from Kane's

determinantal Equation, | this time including F, the higher-

hands contribution to the conduction band effective mass. Kane's

determinantal equation becomes:

I

" " 1 72k2 ' 2

L(E"-E)(EM)(E'+a)- =— E(E +78)1 = 0 (2-40)

Hare

2,2
HH = A~kE" = E [82 ) of

oop RE
2m

“or the conduction band let us expand E up to kK, §.8:.

2,2 2,22
h™k hk

HX) = + Y (SH)ee

(2-41a)

(2-41b)

(2-42)
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we then have to find X and Y. Let us define

= K
’m

(2-43)

Ne now substitute (2-42) in (2-40) using (2-41). This gives the

following equation, correct to 22;

[(X-2F)HYAJ[E+X+ AZIL(E j#a)+X2 + 22]

(E+) + XA +Y2%] = 0

for this to hold for arbitrary k (and for terms up to k*) we

require the coefficients of k2 and KA, i.e., coefficients of A and

X to be identically zero: this gives

2
- +A) - +27) =

(X 2F)E,(Eg A) E (Est ) =0

(X-2F)[E, X+X(E+a)] + ¥ Eo (E +a) -EX=0

(2-44)

(2-45)

cquation (2-44) gives:

2
E_(E +31)_p 3

£-2F = E, Ea
(2-46)

ir

_Ep,2 1

f= HE tea) + (2-47)
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We immediately recognize that the coefficient multiplying K2 in

£q.(2-42) is

+1) = ML
\ m.

(2-48)

Where ne is given by Eq.(2-179), and this is not
c

surprizing. As for Y, Eq.(2-45) gives

i. ap (ee +A) -E
E (E +A) ]

g' a

(2-49)

Using Eq.(2-46) this yields:

Jsing Eqs.

rue

E (3E.+28)  (3E +4a +20%/E

f=-% (EFTEF) TE FATE728)3E728

(2-48) and (2-17) and this gives

 (3E _+4a +208 JE )

om DG 1-20) eee
m. Me 7 q cb/)

2,2 2,2 2
= maATKT om ym yop (PKC

E_ Eqn) 5 (ne NG 1 -2F) (55)

i +44 +28°/E)(Ease2n)E_*2 3E,F2h J

(2-50)

(2-51)

(2-32)

In a magnetic field, the average energy of a and b series isobtained
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below, using the substitution (2-36) in Eq.(2-52)

"+ (ni) (2) (28H)
l

Sh moyen
(m3) (Ge DE 1-2)

38 +40+202 /E )
(EFETT3E 728) (28H) (2-53)

In Eqs.(2-52) and (2-53), mo 15 given by Eq.(2-17) which includes F.

dere m, is the effective mass at the bottom of the conduction band.

Cor F=0, our result is in agreement with that of Refs. 6, 17 and

18. However, Eqs.(2-52) and (2-53) bring out a feature hidden

in the above references where F=0 is assumed. Note that in the

nonparabolic term, proportional to K or He, (T= -1 -2F) is proportional

to Ey Therefore presumably although CT arant values of E, and F

can be adjusted to give the same value for m. for the parabolic

term (proportional to 2 or H), the nonparabolic term is different

for different values of F. ‘Yould this help narrow down the range

of acceptable values for F2 To answer this, the effect of Y1:Y2sY3s and

&lt; should also be included (see Appendix C). In Chaper IV this question

will be considered in some detail.

D. Magneto-optical Transitions: Selection Rules

Magneto-optical transitons come about from the coupling among

the eigenstates of Eqs.(2-13) which have the form given in Egs.(2-14),
/

via the optical field HamiTtonianT{(w), at circular frequency w.

The strongest allowed one photon optical transitions among

hese eigenstates are those transitions which are proportional to the
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interband matrix element P. For these transitions, the matrix elements

containing terms of the type KP in the full 8x8 k-p Hamiltonian of

efs. 8 and 9 are replaced as follows:

XP, EP &gt; [R+(e/hc)A'IP (2-54)

where P is given by Eq.(2-34) in terms of Eye and A is the vector

potential of the radiation field in the radiation gauge. In the

8x8 k-p Hamiltonian (Table II of Ref. 9) there are two types of

terms proportional to P (and P' with P'~P). The first type couples

the states of the a-set to those in the a-set; or the states in the

b-set to those in the b-set. The second type couples the states

of the a-set to those of the b-set. The latter type of terms

appear in the following matrix elements: (1,6), (1,8), (2,5), (2,7),

(6,1), (8,1), (5,2) and (7,2). These terms are proportional to PK,

(or P'Ks3 P'=P). For the quasi-Ge model, we recall that C, G, N,, Nj,

and most terms proportional to (v3-v5) as well as ka=ky were set

squal to zero. However, in the presence of the radiation field accord-

ing to Eq.(2-54) kyrkgt(e/fic)A’ 5, and hence even with k3=0, (e/fic)A’ 3

survives. As a result, the presence of radiation field can cause

~oupling between the a-set and the b-set states as well.

The matrix elements for the optical transitions are®

a(n") | “Ho (w)| a(n)&gt; =
(2-55a)

E 1/2 ] 1 ' A a

n (z2) (v3 ay aj-aj (ag-vZ az)le_ 8, yqtlneontle sq
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b(n) HD (w) b(n)&gt; =

 1/2 ¢-

eE n' n'y.n n', nq- Te

b(n")| Ho (w)]a(n)&gt; =

&lt;E 2 1/2 [60/2 ag+a))+(vZ by -bg Jallessnt nay (2-55¢)

Here E is the optical electric field, and e,=(eqtie,)/vZ The unit

solarization vectors c, and c correspond respectively to right and

left circular polarization (RCP, LCP) transverse to H and e3 is the

unit polization vector parallel to A(E| IA, or ¢ polarization). The

one photon optical selection rules are then

 | |R

&gt; &gt;

«IH

r

7 (LCP) a(n) + a(n+1) and b(n) = b(n+1)

on (RCP) a(n) = a(n-1) and b(n) » b(n-1)

| =(E|[H) a(n) &gt; b(n+1) and b(n) » a(n-1)&gt; a(n) +» 1), -
 ew an) ale), afa-l)

(2-56)

Intuitively, if one recalls that generally speaking "a" is

associated with spin up and "b" with spin down electron, and n with

the orbital angular momentum of the electron, then the selection rules

above could be considered as a statement of conservation of angular

nomentum for the "light and electron" system.

=] sure 11-2 shows schematically the Landau levels for the
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conduction band a-set and b-set as well as the light-hole (+) and the

heavy hole (-) a-set and b-set. The lowest-energy allowed interband

magneto-optical transitions for the Voigt E||H and for the Faraday

(RCP and LCP) configurations are shown by arrows. It is seen from

the selection rules that the first two transitions in the LCP

originate from the light-hole bands.
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FIGURE II-2 The Landau levels for the conduction band and the

light-hole and heavy-hole valence bands. The value of

the Landau quantum number for each level is shown.

The lowest-energy allowed interband transitions for

the Faraday configuration (RCP and LCP) and for the

Voigt configuration are indicated by the arrows.

zo is the same as Ey in our notation. (After
Reine et al.ld)
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CHAPTER III

MAGNETOABSORPTIONEXPERIMENTS

In this chapter, we describe the details of our experiments

on Iny_yGa,As Py ys describing the samples in Section A and the

experimental setup and data acquisition system in Section B. In

Section C we present some magnetotransmission spectra T(H)/T(0) vs.

photon energy, where T(H) is the signal from transmitted light in the

presence of the magnetic field and T(0) is that in the absence of the

nagnetic field. In this section, we also describe how the spectra

nere obtained.

In Chapter IV, we give plots indicating position of minima

in the spectra in a photon energy vs. magnetic field plot. Included

in these plots will be calculated lines (fan charts) based on
&gt; &gt;

quasi-Ge coupled band k-p analysis with exciton correction described

in Chapter IV.

A Samples

The Iny_BayAs Py y samples used in this investigation

were grown by liquid-phase epitaxy on InP substrates of (100)

orientation at Lincoln Laboratory.) The InP substrates were Fe-doped

to make them semi-insulating. We started our preliminary studies in

quaternary sample Q9-6 which yielded only 2-3 minima in the trans-

mission spectrum. The next sample used was Q9-14A with an original
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quaternary layer thickness of about 5um. It turned out that this

sample had to be etched a few times to reduce the quaternary thickness

until magnetotransmission spectra with four minima were obtained.

Finally, a much superior quaternary sample was grown (Q9-18) which

yielded 7 to 8 minima in the magnetotransmission spectra. We made

the most extensive studies on this sample and on a ternary sample

Ing 5462 g47As (T9-50) and we shall concentrate on these two samples.

Another ternary sample investigated was T9-45A, with somewhat lower

electron mobility uy than T9-50, with no difference in position of

minima in the spectra. Table III-1 summarizes some of the

characteristics of the two samples studied in detail.

The net impurity concentration Np=Na was measured by the

Hall effect, here Np and Np are the donor and acceptor concentrations,

respectively. The quaternary sample has a slight lattice mismatch

of |aal/a= 1.4x1073 where aa is the difference between the lattice

constant of the alloy and the substrate, and a is the lattice constant

of the InP substrate.

3 Experimental Setup and Data Acquisition

The experimental setup for magnetoabsorption is depicted

schematically in Figure III-1.

In most of the experiments, the optical setup was enclosed

in a dry box flushed with dry air to suppress water vapor absorption.

A hole was provided in the box directly under the magnet bore to

allow the light beam to propagate unobstructed to the sampe and back
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to the detection side of the optical setup.

The Light Box

This included holders for various light sources. One

vas for the tungsten lamp which constituted the light source for our

experiments. The current through this lamp was set at 9 Amperes

using a reaqulated power supply. Another Tampholder was for spectral

lamps for the calibration of the grating monochromator. We used the

following lamps:

19(1.1A); K, Cs, Ne(1.5A)

The light from the lamp was focused on the entrance slit of the

jrating monochromator by means of a spherical mirror.

3. = Chopper

A 510 Hz, 50% duty-cycle chopper was used to chop the

light before entering the monochromator. A square pulse generated

Jy the chopper was used as a reference signal to the PAR 5101 Tock-in

amplifier,

3. 3. arating Monochromator

In most of the experiments the grating monochromator used

was a Perkin-Elmer model 99G double-pass grating monochromator. We

ised Bausch and Lomb gratings with the following specifications,

variously: one ruled with 640 lines/mm (blazed for 1.4um), two ruled

with 600 1ines/mm (one blazed for 1.6um and another for 1.0um).
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The calibration of the monochromator was performed using the spectral

lamps mentioned above. The spectral lines and their wavelengths and

energies were identified using the extensive compilation of spectral

lines reported in Lincoln Laboratory Report 84G-0012 (1960)°

for those spectral lamps. It was found out that our calibration was

reproducible within 0.1 meV for calibrations done at various times.

Also different magnetoabsorption spectra taken on different dates

for the same magnet current yielded minima reproducible within

| meV or less. In the spectral range between 1-1.4 eV with slit

width of 0.8 mm using a 600 lines/mm grating resolution of the double

pass was 2.5 meV. It was further noted that the resolution scaled linearly

with the s1it width as large as 1.2 mm and as small as 0.2 mm.

Spectra at various slit widths in the above range were taken for the

same field values for comparison and to get optimal spectra.

3.4. FiltersandPolarizers

Filters were used to cutoff higher energy light passing

through the monochromator via second or higher order reflection

from the grating. Polaroid linear polarizers were used for the

Voight configuration where k, the wave vector of the incident light

propagating through the sample is perpendicular to the applied

magnetic field Hi. In this configuration, we chose E||H or E | H;

tere E is the oscillatory electric field of the incident Tight.

For the Faraday configuration (K||R), circular polarizers

appropriate to the wavelength range of interest were used. For a
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given circular polarizer (made out of a linear polarizer and a quarter-

wave plate) the sense of circular polarization of Tight with respect

to the magnetic field could be reversed by reversing the direction

of the applied magnetic field. The polarizer could also serve as

Fhe filter.

B. 5. Directing and Focusing Mirrors

The diverging light emerging out of the monachromator exit

s1it was folded (by a flat mirror) onto a large Tong focal length

spherical mirror to focus it onto the sample. A 45° adjustable mirror

was used to direct this converging light upwards through the bore of

the magnet towards the sample. In the Voigt configuration experi-

ments a 4" bore magnet was used. This allowed for a pair of near

45° mirrors on each side of the sample, outside the dewar. The

first mirror folded the converging light and allowed it to travel

horizontally (k | H) through a ZnSe window on the tail of the dewar.

The mirrors were arranged to focus the light on the sample. The

sample was held vertically in a sample holder attached to the Tiquid-

He cooled cold finger. The light transmitted through the alloy

would transmit through the InP substrate unaltered (we used photon

energies less than the energy gap of InP which is 1.42 eV). This

light then would exit from a second ZnSe window (horizontally) and

then would be folded downwards by the 45° mirror in the bore of

the magnet. For the Faraday configuration measurements, we used a

2" bore magnet and a different sample holder. The dewar was equipped

with a bottom window (sapphire and quartz windows could be used).
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The sample holder held two near 45° mirrors to direct the Tight back

down after it has passed through the horizontally held sample (see

Figure III-2). The samples in both cases were held in the center

of the magnet.

3.0 Collecting Optics and Detector

The diverging light emerging out of the sample and directed

down the bore of the magnet was then redirected by means of a second

45° mirror onto another spherical mirror and finally by means of

another flat mirror was directed towards the room temperature PbS

detector. This light was actually focused by means of a small radius

concave mirror onto a very narrow and sharp image right onto the

obS element. The PbS element was biased at 90 volts and the oscil-

atory photocurrent produced by the chopped light was preamplified.

3. l. Signal Detection and Data Acquisition

The preamplified chopped signal from the detector was then

put into a PAR 5101 lock-in amplifier which was referenced with the

square pulse from the chopper. The output of the lock-in was both

taken to a chart reorder and to channel B of an analog-to digital

converter. In each experimental run the magnetic field was held

constant and the wavelength of the light emerging out of the

monochromator exit slit was swept. This was done by rotating the

monochromator drum automatically at a desired speed (1 or 2 minute

cer. revolution). The shaft of a rotary helipot potentiometer was

coupled to this drum. The two fixed ends of the potentiometer were

connected to a regulated dc voltage source. The angle of the
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grating, or equivalently the drum reading, was thus monitored by

reading the variable voltage across the variable resistor. The

drum reading voltage was then put into the channel A of the A/D

converter. The outputs of channelAandBwerethenpunched on

paper tape as pairs representing the transmitted signal vs.. drum

position voltage. These were then taken to the PDP-11/20 computer

to process the spectra. The voltage reading on channel A was

calibrated in terms of wavelength and photon energy using various

spectral lamps described beforeand reproducibility was excellent

(20.1 meV).

~

\s _ T(H)/T(0) vs. Photon Energy Spectra

The spectra seen on the next few pages were obtained from

the data punched on the paper tape using the program Rubin System

one (RS1) under DOS-BATCH. The transmitted signal, T(H), taken at

the fixed external magnetic field value H, was divided by the

zero-field transmitted signal, T(0), point by point. The ratio

T(H)/T(0) vs. drum voltage was then converted to the "T(H)/T(0) vs.

Photon Energy" spectrum. For this purpose we used our calibration

tables (wavelength and photon energy vs. drum voltage) discussed

in Section B. 3. In several cases use was made of the smoothing

subroutines provided in the RS1 program. Absolute caution was

taken to use smoothing very carefully so as not to shift the position

of the minima by more than 0.2-0.3 meV. The smoothing helped make

a few of the oscillations at higher energies more vivid and this was
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always double checked from spectra taken at the same H value at

different times and at different slit widths, to eliminate

spurious minima.

Figures III-3 through III-9 show some of the spectra for

the various fields and polarization, for the two samples Q9-18 and

T9-50.

). Point Plots and Fan Charts

The minima appearing in the "T(H)/T(0) vs. Photon Energy"

spectra were then tabulated against the H-values for each polariza-

tion configuration for each sample as described in Chapter IV. The

shoton energies of these minima were plotted vs. H. These point

plots, and the associated fan charts which are the result of the

quasi-Ge coupled band analysis with exciton corrections, will be

axplained in Chapter IV.



TABLE III-1

Sample

Q9-18 | 0.25

79-50 | 0.47

Some characteristics of the two expitaxial Inj _xGa,As Py _y samples, grown on InP

substrates, which were used for the interband magneto-optical measurements

reported in this thesis.

Np-Na

(em™3)

ug (77K)
“1-1(cm2V lg )

Epilayer Dimensions Orientation

Edges
v

‘a

3

Thickness

(um)
Edges

(mmxmm)
. Thickness

0.52 1.4x103 2 7x101° 171.000 3d 5.5x8
along
[100]

along [100]
directions

|.0

*k

&lt;0.6x1073 1 4x10 24.000 4 4 3x8 11009
along [110]
direations

 =»

Eg
(eV)

1.065

0.813 1
 Oo
3)

x

Obtained from our interband magnetoabsorption experiments near liquid-He temperature.

kk

This is the 1imit of resolution of the x-ray apparatus.



q7

FIGURE II1I-1 Schematic diagram of the experimental setup for the

magnetotransmission experiments. In this Figure the

sample is setup for the Voigt configuration where the

wave vector of light Kk through the sample is normal to the

direction of applied magnetic field H. The sample geometry

for Faraday configuration where K||H is shown in Figure III-2.
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FIGURE 111-2 The sample geometry for the Faraday configuration where

the Tight propagation vector K through the sample is parallel

to the direction of applied magnetic field, H. In this

Cigure S represents the sampe and M represents two flat

mirrors, at nearly 45° with respect to H.
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FIGURE III-3 Voigt configuration Ell A interband magnetotransmission

spectrum for Q9-18, taken at near 1liquid-He temperature,

at H=130.5 kOe. Bars at the bottom of the figure indicate

the calculated positions and their heights are proportional

to the square of matrix elements for transition from

light (+) and heavy (-) hole magnetic subbands to the

conduction magnetic subbands (see Chapter IV).

To represent relative intensities, the light-hole bars

should be shortened by a factor of (m,/m_)1/2=2.4 to approx-

imately account for the difference in the density of states.
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FIGURE III-4 Faraday configuration magnetotransmission spectrum

for right circularly polarized light (RCP) taken at

143.9 kOe in the quaternary sample 09-18 in contact with

a liquid-He cold finger.
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FIGURE III-5 Faraday configuration magnetotransmission spectrum

for left circularly polarized light (LCP) taken at

143.9 kOe in the quaternary sample 09-18 in contact with

a liquid-He cold finger.
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FIGURE 111-6 Faraday configuration kK||H magnetotransmission spectra

for left and right circularly polarized light (LCP and RCP)

taken at 137.2 kOe for in the sample T9-50 in contact with

a liquid He cold finger.
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FIGURE 1II-7 Faraday configuration (k||H) magnetotransmission

spectra for left and right circularly polarized light

(LCP and RCP), for the sample T9-50 in contact with a

liquid-He cold finger, with H=137.2 kOe. The intensity

bars bemeath each spectrum indicate calculated energy

positions, and their heights are proportional to the

square of matrix elements for optical transitions from

light (+) and heavy (-) hole to conduction electron

Landau levels. Light hole intensity bars are reduced by

a factor of (m_/m,)1/% to reflect the difference between

light and heavy hole densities of state approximately.

‘See Chapter IV.)
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FIGURE III-8 Magnetotransmission spectrum in the Voigt configuration

for Tight polarized with E||H taken at H=126.9 kOe in the

sample T9-50 in contact with a liquid He cold finger. For

a description of the bars under the spectrum see Figure III-7

caption.
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FIGURE III-9 Magnetotransmission spectrum in the Voigt configuration

for light polarized with EH taken for the sample T9-50

in contact with a Tiquid-He cooled cold finger at

H=130.7 kOe.
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CHAPTER IV

ANALYSIS AND RESULTS

The quasi-Ge coupled band theory reviewed in Chapter II

has been used to determine the Kip band parameters from our interband

magnetoabsorption spectra in the ternary and the quaternary samples

which was presented in Chapter III.

In this chapter we give the steps involved in applying this

model to our experimental spectra. Next, we present the band

parameters which we have obtained for our samples together with the

fan charts calculated from the quasi-Ge model. At the end of this

chapter a discussion of the results will be presented.

A Analysis of the Spectra in Terms of the Quasi-Ge Model

A. An Qutline

In this section we present an outline of the steps involved

in the analysis of the magnetoabsorption spectra, "T(F)/T(0) vs.

hoton Energy" in the context of the quasi-Ge model reviewed in

“hapter II. These are the steps involved:

Step I -- Examination of the T(H)/T(0) Spectra

The minima are assumed to eminate from the interband

optical transitions from the valence band magnetic sub-bands to the

conduction band magnetic sub-bands (Landau levels). The details will

be given in Section A. 2.
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Step IT -- Identification of the Minima

Attempts are made to identify each minimum with one or more

such transition mentioned above, if at all possible.

Step IIa -- Experimental Identification: Point Plots

For a given minimum in the spectrum the experiment gives us

the following information (a) the photon energy E, (b) the magnetic

field value H, (c) the spherical coordinate angles (8,4) made by H

with respect to the cubic axes of the crystal, and (d) the polariza-

tion state of light, i.e. (ops o in the Faraday configuration, E| |F,

Eifiin the Voigt configuration), and (e) relative strength and width

of the minimum (some minima are stronger, some weaker, some are too

close to be distinguishable, and some even appear as inflection points

or shoulders). At this step, for each H-orientation (c) and light

polarization configuration (d) we make a separate plot of E(meV) vs.

H(kOe) for all of the minima in the spectra, with the same (c) and

(d) conditions. We refer to these as point plots.

Step IIb -- Assignment of Transition Labels to the Minima

Now given these five attributes (a)-(e) for a minimum, we

should in general be able to use the quasi-Ge mode] (with the correct

set of band parameters) to gain the following missing information about

that minimum: which interband magneto-optical transition (transitions)

are responsible (or most likely responsible) for this minimum? If the

correct set of band parameters is used one is able to answer the above

nith the following quantities or attributes: (f) the initial state in
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the valence band, i.e. whether it isa,b’, a” or b¥, (g) the

Landau quantum number of the initial state "n". Now with this

specification, the final state in the conduction band (h) is

automatically specified subject to the selection rule for the

magneto-optical transition in the specific polarization state(d). By

conduction band specification (h) we mean whether the final state

is a(nY or b(n) and what value n' has. Finally, a correct set of

quasi-Ge parameters ought to give at least a qualitatively good

agreement between the calculated and the observed strengths of

transitions.

To carry out Step IIb one therefore needs a set of initial

parameters, which are reasonably close to the actual values, to

start the analysis. Therefore, before Step IIb .can be taken we need

to go to Step III.

Step III -- Initial set of Band Parameters for the Start of the Analysis:

Values for the Quasi-Ge Model

This is an important step; the initial set of values for the

quasi-Ge band parameters, i.e., Eg Ey As Y1s Yo Y3s Kos F, q, and

N,, has to be selected judiciously and has to be as much based on

ohysical consideration as possible.

Step IV -- Exciton Corrections

The observed experimental values for the energy of the

ninima are affected (in fact reduced) by the excitonic binding

energies (see Section A.3. for details). Therefore, if we are to

apply the quasi-Ge model to calculate energies for the interband
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magneto-optical transitions (in order to make contact with the experi-

mentally observed values of the energies), we have to substract an

appropriate amount (depending upon n'and H) according to the

prescriptions of Section A.3. This can be done right after the

transition energy for a particular transition and H value is calculated

in the computer program.

Step V -- Relative Intensities of Transitions: To Determine Which
Allowed Transitions are too Weak to be Included in the

Analysis

Suppose one has the correct band parameters for the given

sample. For a given polarization condition (d) there are a vast number

of allowed interband magneto-optical transitions from the valence

{a (n), b™(n), at(n), b*(n)} magnetic sub-bands to the conduction

(a(n), b%(n)} magnetic sub-bands. It turns out that a good number

of these transitions are too weak relative to the rest and hence

experimentally not observable. Therefore, it is desirable (and in

fact necessary) to exclude these transitions (although allowed) from

the analysis. This does not mean that all of the weak transitions

are eliminated. In fact, the relative strengths of the minima vary

from one minimum to another in a given spectrum (usually diminishes

as E is increased) and from one polarization to another (see

Figures III-3 through III-9). There are some weak transitions which

are still observable. However, it turns out that transitions from

the a” light-hole series occur mainly for RCP while those originating

from bt light-hole series occur mainly for LCP.
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Step VI -- Fan Charts Using Initial Band Parameters

Having decided, on the basis of Step V, which of the

31Towed transitions ought to be included in the analysis, we are then

ready to generate fam charts (see Figures in this chapter). A fan

chart is a.family of lines generated from claculated transitions energies

as a function of H using a set of band parameters. Each line represents

a particular transition from the set {a (n), b(n), at(n), b*(n)}

to the set {a®(n), b%(n)} allowed by the selection rule for optical

transitions in the particular polarization configuration, (d) and

H-orientation (c). If the initial parameters are chosen judiciously

(i.e., are chosen close to the correct values) then in general each

calculated line, with a few exceptions, will pass reasonably close by

(in some cases very closeby) a family of points in the "point plot”

(the family representating a particular minimum as it evolves with

increasing H). For some of the minima more than one calculated Tine

will pass close by, indicating that those minima correspond to a

set of close lying transitions. It turns out that it is generally

possible to choose a reasonable initial set of band parameters to

make correct identification of the minima (points on the point plot).

The identification completes Step IIb.

Step VII -- Data Files

With the above initial identification of the points on the

point plots, we now can generate data files for a given sample and

a given H orientation. Each point on the data file includes five

numbers: {IP, IT, IT,, H, E} where IP is the polarization state of
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light, IT is the label for the identification of transition (see

Step VI), where up to two transitions can be accommodated, H is

the magnetic field value and E, the transition energy given by the

experimental spectra. In this manner, we include all or most of the

points on the "point plot". These data files are then stored to be

used in a minimization routine.

Step VIII -- Minimization Routine: Search for Optimum Band Parameters

The data files constructed according to Step VI, are now

used as inputs for a minimization routine. The minimization routine

asks for input of the data files, the direction of H with respect to

cubic axes of the crystal, and a set of values for the quasi-Ge

band parameters (Egs Ess Ny Ys Ys Y35 %» Fy GQ, Ny). It also asks

for identification of those parameters we may wish to vary;italso

provides for constraint equations that we may wish to impose on

these parameters, for instant to fix m, or m_. For each point in the

data file (see Step VII) the program then calculates the transition

energy in the quasi-Ge model and compares this with the given

experimental energy. The program thus calculates the deviation of

these two energies for each point and determines the root mean square

deviation:

N -

_ 1 2.1/2

A= NE, [E,(H)-E;] } (4-1)

where E;(H) is the calculated transition energy of the data point i

and E; is the stored energy value of this data point, and N is the

number of such points.
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The correct band parameters are expected to be obtained by

an iterative method described by Reine! &gt; and incorporated by

Weilers?? in the computer program. In each iteration a new set of band

parameters are calculated based upon the old ones, so as to minimize

A. Details will be given in Section A.4.

This minimization routine is used until a set of band

parameters are found which minimize 2, subject to certain constraints

on the band parameters which are based upon physical consideration.

Otherwise, one cannot even hope for convergence. This is very important

and makes the task in Step III very crucial. We will discuss these

points (initial band parameters, necessary constraints, and the

performance of the minimization routine) later on in this Chapter in

some detail.

Step IX -- Checking Band Parameters Obtained in "Step VIII"

The set of band parameters which minmize the rms deviation

nentioned in Step VIII are presumably those which most closely

represent the true band structure of the semiconductor. This has

to be tested; some of the relevant questions are:

 1) How well do these parameters represent the bands from

physical point of view and how well do they predict

other measurements, by other methods, of these parameters

directly or indirectly?
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2) How well do these parameters explain the magneto-optical

data, i.e., how closely do the new fan charts represent

the data points on the point plots, and how do the

newly calculated relative intensities compare with

the T(H)/T(0) spectra?

Do these new parameters give the same initial identifi-3)

cations deduced in Steps VI and IIb?

What range of values can these parameters accept and

still give good fits with the experimental data, while

remaining physically meaningful?

1)

5) What can be learned from interband magneto-optical

measurements on these samples?

A. 2. Details Involved in Step 1

The starting point for the analysis of the magneto-

absorption data is the examination of the "T(H)/T(0) vs. Photon

Energy" spectra where T(H) is the signal from the infrared radia-

tion transmitted through the sample in the presence of magnetic

field and T(0) is that for H=o. The observed minima in these spectra

are assumed to be due to interband optical transitions from the

valence to the conduction band magnetic band magnetic sub-bands

[Landau levels). More explicitly, these transitions are from the

Landau levels of the rg valence bands [a"(n)&gt;, p™(n)&gt;, lat(n)&gt;,

and Ib" (n)&gt;, to the magnetic sub-band (Landau levels) of Te conduc-

tion band, i.e. 1a%(n')&gt;, and 1(n')&gt; (see Ch.II). This is a very
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important assumption upon which the whole analysis hinges. The

justification for this comes from (i) the fact that all of the minima

occur at energies higher than the band gap of the material, (4i) the

shape of the spectra for a given polarization geometry remains

essentially the same as one examines the spectra for different H

values and the positionsof minima shift towards higher photon energy

and their distances increase with increasing H, and (iii) the

assumption stated above have worked very well in explaining magneto-

absorption and magnetoreflection spectra of InAs, GaAs, InP and many

other semiconductors. (See for example review articles by Lax and

Mavroides® and Aggarwal.®) It is also possible to have transitions

from the spin-orbit split-off (3) band Landau levels to the conduc-

tion band (re) Landau levels such as observed by Groves and coworkers

in Ge’ and III-V compounds ,&gt; by Reine! *? and coworkers 710 in GaSb

and GaAs, and by Aggarwal,!! in Ge, among others. However, these

sbservations were possible only in modulated magnetoreflectance and

not magnetoabsorption. In our case the magneto-optical transitions

from the split-off to the conduction band would be expected to

occur in the tail region of the spectra where the fundamental edge

absorption is high and signal to noise ratio is too low to observe

such transitions by the magnetoabsorption method.

One final note concerning the spectra. Because of the

linewidths involved and the richness of the structure, some close

lying transitions would appear as one and there could be relatively

small pulling and pushing of peaks. Also, some weaker transitions
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(usually light hole transitions) are seen as inflection points or

are buried in the wings of a strong transition, as mentioned

earlier. This means that there is inherent approximation as far as

the energy positions of transitions are concerned. Hence, good

quality crystals with good homogeneity and high mobility and low

temperatures are a necessary condition for obtaining finely resolved

spectra. Modulation techniques (e.g. the magnetoelectroreflectance

axperiments of Refs. 7 and 8 which were performed at room tempera-

Fure) will further enhance the fine resolution of the spectra.) &gt;220

A] Exciton Corrections

It is known that in manysemiconductors, such as Inp'?

and GaAs 3:14 which are among the constituentsofthequaternary

system under consideration,theelectron-holepair,which is created

by the optical excitation, can bind together to create "free

excitons” in much the same way as an electron-positron pair can bind

together to form a bound positronium "atom". In case of semiconductors

this e-h binding lowers the transition energy by a small amount

(typically a few meV). This energy Eg is the so-called binding

energy, (Eg&gt;0). The problem of exciton in a magnetic field is an

interesting, but complicated problem, 4-2] In the case of our

experiments, we are not concerned with the fine structure of excita-

tions, since our linewidths are too large for that. Thus we

include the effect of excitonic binding energy using a simpler method

used by Vrehen. 14 According to this method, the transition energies
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calculated in the quasi-Ge model are reduced by substracting the

approximate binding energy AE(n,H)., Here n refers to the Landau

quantum number of the final state (conduction band) and H is the

magnetic field value. In the case of n=0, Vrehen uses

ind for

 rr I 1) = Enlr) R

' 1 J8l

\E(n,H)=Eps)”\E(n,H) = Epi) R

i AS?)

(4-3)

where vy is the reduced magnetic field, R is an effective Rydberg

anergy, and Ep(v) is the binding energy (defined &gt;0) of a hydrogen-

like atom in a madnetic field (reduced field) in units of R. Here

7
3 Sum)/e (4-4)

and

vy = ugH(m/u)/R (4-5)

where Ky 1S the static dielectric constant, Ro is the atomic Rydberg

constant H the Bohr magneton, m the free electron mass, and

1 = =

J no) (4-6)

is the reduced mass for transition from light (+) and heavy (-)

holes to the conduction band.
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We have included the effect of nonparabolicty in an

approximate manner by using a field-dependent effective mass

nyu 144(2041 JupH(m/u) /E
?

(5 7)

(it turns out that this results in a very small correction of

&lt;1 meV for the highest n and H).

For Eg(y) we have used unpublished numerical results of

| arsen based on his paper.” See Table 1IV-1 for Eg(v) vs. Y. These

values of Eg are for the 1S ground state, and are in agreement with

those obtained by Praddaude 20 The high y values are also in very

good agreement with Altarelli and Lipari (for v5) and Johnson and

dickey?! who find Eg(v)=1.6v'/3 for large v.

The method of Vrehen, namely using Eq.(4-3) for n&gt;0, agrees

nell with Table V of Ref. 17 which gives the binding energies for

«35 for n=0, 1, and 2, and 2=0 series of hydrogenic exciton.

A. 4. Minimization Routine

We have used for our minimization routine, the method

described by Reine! and adopted by Weiler.3 This approach is an

iterative one based on a generalized method of least squares

Let x = (Xpp eves Xgs wees Xu) be the set of M band parameter

used in the quasi-Ge model analysis (e.g., X1=E gs Xo=E» X35Y1&gt; etc.).

Furthermore, suppose there is a set of values for these parameters,
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say x°=(x,°, Xs cee Xp) which represents the Te, 2, and ry bands

of the semiconductor under study most closely. Let E(H,s x°) be the

calculated transition energy corresponding to the ith point in the

data file (Steps II and VII) with the magnetic field Hj. Then

these energies most closely represent the experimental transition

energies. Now SUPPOSE we start out with an approximate set of band

parameters x to start our analysis, then the corresponding

calculated transition energies will be E(H;; x); and the rms deviation

vould be

N 3

A(R) = ty 3 LECH 0-E(H3 1° (--8)

Let D(x)=N[ a(x) 1°. Values of Xx which minimize D(X) will also

minimize A(x). The derivatives of D(X) with respect to the band

parameters Xx, are

DX) _ 2, 8
Ta = {LL Fath [E(H; 3X) -E(H; 5X0) 1) (&lt;= 9)

Jhe,2

&gt;

og (H . x) =~ 3E(Hy5x)
m‘ i? TAX

m=1. .... M (4-10)

Now according to the mean value theorem of calculus, there exists a

aumber A, Og&lt;Agl, such that

ee

M
&gt; &gt;

E(Hy5 X) - E(Hys XO) = 1 Fo (Hs X°) (x, =x7)

¥C = 2x + (1-1)%°

(4-11)



39

(Note that A and therefore x° 1s not necessarily unique unless xX is

chosen close enought to x0. This makes the choice of initial

approximate values x crucial.) Equation (4-9) becomes:

&gt; N

} = 1 Falhs x) [EC x)-E(H 50)
(4-12)

\ M

L Fo(Hy3%) 1 Fo (Hes XO) (x,-x7)
| = =

This gives

A
1 Amn &amp;n = Bn

m=1, ..., M (4-13)

Nhe oe

a
0

- Xn

N

3 =, FnHys RLE(Hs 3)-E(H,s x)]

C . 7 , 2c

Ann = y Fo(Hys X) F (Hs X )

(4-13a)

(4-13b)

(4-13c¢)

The term B., is determined by the guess X and the experimental points

E(Hs3 3, therefore, it can be regarded as the external forcing term

in the linear Eq.(4-13). The error £, are the unknowns since xo

are unknown. The matrix A is also unknown since X° is unknown.

However, Eq.(4-13) lends itself to an iterative solution(convergence

&gt; &gt;

not guaranteed, unless x is "close enough" to x0):
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(1) Chose X, i.e. a set of values for the band parameters,

close to the unknown true values X°.

(2) Calculate E(H;; x) and F(Hs3 X), using guasi-Ge

For F see Appendix B of Ref. 3.

(3) For E(H;s x°) use the experimental transition energies,

since A x°) values are supposed to give the best

estimates for the latter.

mode].

(4) Calculate A(X), the rms derivation using Eq.(4-8).

‘5) Use (1) and (2) to calculate B..-

(6) Approximate Fr (Hys x%) by Fo(Hss X).
Cc *

{7) Calculate Ann using (2) and (5).

(8) Solve Eq.(4-13) to obtain approximate errors £.

(9) Replace X by X-E . These are new guesses for the band

parameters.

(10) Use the new x's and go to (2) and repeat steps (2)

through (9) until A(X) shows convergence to a stationary

value.

This procedure is the essence of the minimization routine. It can

accommodate constraint equations among X'S by the method of Lagrange

multipliers. If the process is convergent then after each step, X

(and therefore X°) gets closer to x and B. gets smaller and step (6)

becomes more and more justifiable, i.e. A gets progressively closer

to Aun and (3D/3x) gets progressively smaller. We should note that

step (3) is inherently an approximation which the analysis cannot

do anything about, because of experimental uncertainties.
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The details of the computer program which incorporates this

minimization technique within the contect of the quasi-Ge model

are given in Ref. 3 (see especially Appendix B and C, thereof).

In step (2) above, the calculated E(Hss X) which we have used

includes the exciton binding energy corrections which we described

in Section A.3. However, in calculating the derivatives Fo(Hys X)

the exciton corrections are ignored in E(H: 3 x) since these derivatives

* * * -&gt; *

are not nearly as sensitive to these corrections as E(H;; x) is.

OD. Determination of the Band Parameters

As it was mentioned in Section A, to obtain the band

parameters in the quasi-Ge model, we need to start with a set of

sand parameter values which are reasonably close to the "true" values.

‘Section A.1, Step III.) These initial parameters are then used in

computer programs to generate fan charts, identify transitions,

estimate intensities of the transitions, generate data files, and

then use the minimization routine to improve the fit. This is Tike

a boot-strap operation. The questions that we shall address in this

Section are: (1) what parameters can we determine directly from the

spectra (or point plots) right at the onset without the full use of

the complicated computer analysis? (2) Which transition can we identify

right at the outset? (3) Which of the quasi-Ge parameters are too

small to affect our analysis (and therefore not really determined by

sur experiments)? (4) What other physical parameters involving the

jquasi-Ge parameters has been measured and can be used in our analysis?
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B. 1. Prelinimary Analysis

(1) From the spectra and point plots we can get Eq

directly. This is done by extrapolating each family of points in a

point-plot (corresponding to the same minimum at different magnetic

field values) to H=0. In each of the different polarization cases,

se obtain nearly the same value. The energy thus obtained is

actually Ey-Egs j.e., reduced by exciton binding energy at zero field.

This binding energy Eg is just R, the effective Rydberg for exciton

(see Section A.4.). R is typically 3-5 meV for materials such as

[nP and GaAs and is expected to have the same typical value for our

[nGaAs and InGaAsP samples. We obtain directly

"EB =
0.810meV for T9-50

. 1.063 meV for Q9-18

(2) The selection rules for RCP and LCP are different in

the following manner. For LCP: a~(n) &gt; a“(n+1) and b*(n) &gt; b%(n+1)

shereas for RCP: a®(n) -» a%(n-1) and b(n) = b(n-1). It is important

to recall that for the heavy hole (-) series n&gt;1 and for the light

hole (+) series nx-1.

In view of these facts the two Towest energy heavy hole

transition for the LCP case are a (1) = a®(2) and b™(1) &gt; b%(2). The

corresponding transition energies in most semiconductors and certainly

in the binary semiconductors InP, InAs, GaAs are higher than those for

the four lowest light hole transitions, namely a (-1) a®(0), b¥(-1) b¢(0),
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a¥(0) a%{1), and b¥(0) b(1). First, we note that the energies

corresponding to at(-1), bT(-1), a~(1), and b™(1) Tie close to each

other and indeed, we can observe this directly from our data.

Secondly, the Landau level spacings of the condution bands are

larger than those of the light hole band (and more so compared to

those of the heavy hole band). This is because m &lt;m &lt;&lt;m_. Thirdly,

the g-factor in these materials under study is expected to be small

compared to m/m, (since these are not small gap materials). The

above can be checked from the formulas in Chapter II using approximate

band parameters.

tence for the LCP, the first six lowest transitions are

axpected to be

1, 2) at(-1)-a%(0) and Bb (-1)+b%(0)

3, 4) at(0)+a%(1) and bT(-1)-b%(1)

5. 6) a (1)+a%(2) and b7(1)+b%(2)

For the RCP transitions on the other hand the first two

lowest transitions have to be a"(1) a®(0) and b™(1) b(0). The

next higher transitions are a (2) a®(1), b~(2) b¢(2), a (1) a©(0)

and b¥ (1) b%(0).

1, 2) a~(1)»a(0) and b™(-1)-b%(0)

“or Voigt configuration with E|[H the lowest two transitions

have to be b™(1) a®(0) and at (-1) b%(0)

he spectra for the ternary sample T9-50 clearly shows that
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the first two transitions are very close to each other compared to their

energy spacing with the next higher transitions, In fact, these two

lowest transitions are expected to be at (-1) a®(0) and bt (-1) b¢(0).

Smallness of the energy spacing suggeststhat 9.49, is a small quantity

(g, is the g-factor of the light hole). In addition,note the energy

difference E[a’(-1)+a®(0)]-E[a*(-1)+b%(0)] = ugh. = E[b™(1)+a%(0)] -

E[b™(1)b%(0)]. Comparing the lowest transitions in the Voigt

configuration with the lowest transition in the RCP and with the two

close lying transitions in the LCP case, we see that indeed 9 gH is

much smaller than he = (5c) (2ugH) as we pointed out earlier.

In summary, upon direct examination of our spectra, we can

assert that the g factors for the conduction and light hole as well

as the heavy hole are much smaller than m/me.

(3) The E||H Voigt configuration spectra and the RCP spectra

show much less structure than the LCP spectra as seen in Figures III-3

through III-9. This suggests that light hole transitions are

strongest in the LCP polarization. Therefore, for our preliminary

analysis we can assume that the minima which appear in the RCP and the

Voigt E||H spectra are mainly due to heavy-hole to conduction band

transitions. We can then use these spectra to obtain an initial

estimate for (14 )=(1/m )+(1/m_) following a method similar to those

used in Refs. 1, 2, and 17 and described in Appendix C. According to

this for each polarization configuration and each H-orientation we

can plot e{(n) vs. 2nugH. Here e(n)=(1/2ugH) [E(n) -E(n-1)] is the

spacing between two adjacent transitions for a given H, in units of
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2ugh, n being the conduction band Landau quantum number of the higher

transition. According to the description in Appendix C a straight

line drawn through these points (with a given light polarization and

H-orientation) by the method of least squares fit intersects the

(2nugH)=0 axis at a value equal to (1/u_)=(1/m )+(1/m_). The slope

of this line also gives the measure of nonparabolicity of the

conduction band as explained in Appendix C. When this preliminary

analysis was performed for the sampe T9-50 we obtained somewhat

different values for (1/u_) for the [170] and [001] orientations

indicating that the anisotropy factor vs-v, #0. We obtained

(1/1) [1707%25 and (1/u_)[1097+26 for T9-50 and (1/u_)~19 for

09-18 as preliminary values.

3. 2. Band Parameters for 09-18

In this section we present analysis and results for the

Voigt EIR magnetoabsorption spectra of the quaternary sample Q9-18

(Ing 756A 25AS( 50Pg 4g) which was presented earlier 26

1. As seen from Table IV-2 the heavy-hole mass Moh shows

only a small variation between the binary compounds. We have used

m1, =0.45m (my ,=m_[100] the heavy hole-mass along the [100]

direction). However, varying Moh between 0.04 m and 0.05 m would

change electron and light hole masses by less than 3%.

2. The value of E,=1.066 eV was determined from extrapolating

the experimental data (1.063 eV) and corrected for the exciton binding

energy at H=0, Eg=3 meV. From absorption measurements made on a similar
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alloy, we expect the room temperature energy gap to be about 1.00 eV.

3. A=0.25 eV was chosen from a linear interpolation using

values in Table IV-1, however, varying between 0.2 and 0.3 eV

changes the deduced electron effective mass by less than 0.5% and

the Tight-hole mass by less than 3%. Very recently, measurement of

A for a number of quaternaries were performed by Herman, Lampel and

Pearsall. Interpolating their values for y=0.34 and y=0.61 we

would get A=0.23 eV for our quaternary sample.

4. The anisotropy factor Y3=Yp Was taken to be 0.7, This

is predicted by Lawaetz2&gt; for the binary compounds. However, choosing

¥3=Y5=0 changes the deduced electron and the Tight hole mass by Tess

than 0.15%.

5. The Kane parameter Dy» which is expected to be very small

is taken to be zero for the binary semiconductors in the literature.

We follow suite: this gives

’

1 2

3Y2-3Y=3

6. gq, and N, are expected to be very small (see Appendix B).

These are set to be zero. In fact our fits, and our band parameters

are very insensitive to q as large as ~0.5 and N as large as ~-0.1.

7. F is taken to be zero in this analysis. In other words,

E, was determined by assuming that the curvature of the Tg conduction

band at k=0 comes entirely from the interaction with the Tq and ry
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valence bands. Ey js expected to increase by 20% when the inter-

action with the Ig and Is conduction bands due to admixing of the

states by the antisymmetric potential is taken into account (i.e., F#0).

8. Exciton corrections were taken into account following

the discussion presented earlier. We obtained the following band

parameters: Eq = 1.066 eV, A = 0.25 eV, Ey = 17.6 eV, m, = 0.0608 m,

Moh = m_[100] = 0.45m, Mop = 0.078m, yy = 2.06, Yop = -0.35,

Yq = 0.35, and « = -1.234,

These values for « and y, give ¢=0.02 (see Appendix B)

which indeed is small and has no influence on the fit, justifying

a=0 assumption. Also from Appendix B, we see that -0.05¢N, &lt;0. The

values of Ny in this range were seen not to influence the fit.

only the reduced J. by Tess than 0.2.

For various values of mp, the values obtained for

(1/u_) and (1/u,) fall within a very narrow range. This is a very

strong advantage of interband magnetoabsorption. Since Mh turns

out to be much larger than Me these reduced masses are not very

sensitive to Moh and these experiments can determine Me within

a narrow range. The values obtained from the above parameters are

m o_o] Ty _

= me tr) = 29.3]

and

HE 1 _

- = mi +—) = 18.65
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We reported the above results in Refs. 26 and 27. (Fioures III-3 and IV-1).

In a second attempt, we relaxed the restriction E,=1066 meV

and used the minimization routine with the previously mentioned

restrictions, this time, however, letting Eq vary as well.

A slight improvement (DRMS = 2.06 meV per point as compared to the

earlier value of 2.23 meV) was achieved with E4=1064.28 meV, Ep=17.985

meV, v1=2.254, v,=-0.251, v3=0.449, =1.136 giving m.=0.0594m and

m,=0.0738m with 3,730.37 and T- =19.05, an increase of 3.5% and

2.5% respectively. This value for (m./m) is 2.2% lower than the

one we reported, well within experimental errors.

The recent measurement of m.=0.0603m of Nicholas, et 2128

For a sample with y=0.53 using cyclotron resonance is in excellent

agreement with our result. This indicates the usefulness of

interband magneto-optical measurements even though there are 10 band

parameters involved and not all are known and even though some

cannot be measured or deduced precisely. Reference 28, whichuses

intraband methods such as cyclotron resonance, magnetophonon effect,

and Shubnikov de-Haas effect represents results of the most

comprehensive intraband measurements of Me for the whole range of y

and suggest very strongly a linear dependence of m. upon y in

[n,_,Ga,As,Pq_y samples lattice matched to InP. For a review of

the reports on m. dependence on y as evolved in time see Chapter I

and references therein. Table IV-7 summarizes the results for m./m

given in Ref.28.
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B.3 Band Parameters for 09-18: Including Faraday Configuration
Measurements

In order to make our study of the sample Q9-18 more

complete it was decided also to make Faraday configuration interband

magnetoabsorption measurements. Figures III-4 and III-5 give such

spectra for RCP and LCP configurations with H||[100] for H=143.9 kOe

The quasi-Ge analysis was carried out this time by includ-

ing the date from the Voigt E|IH and the Faraday RCP and LCP spectra.

Jsing the band parameters obtained for the Voigt data, we again

obtained good fits, showing that these band parameters are

~onsistant with the additional data taken on the Faraday configura-

rion.

Having many more data points, we decided to run over

minimization procedure again to see if new values for the

parameters could be found which could improve the fits. This

time with minimization routine we made the following constraints:

1) As before we assumed mp =0.45m, however, values

0 f my, ,=0.5 were also used which brought about very little change in

he deduced band parameters, as was also the case before.

2) A has been measured to be ~0.25eV by Nishino, et 21&gt;

in a sample with similar composition using electroreflectance at

77K. From measurements of Ref. 24, A is expected to be ~0.23%0.01leV.

We used A=0.24 eV (as well as 0.25 and 0.23eV). This variation in A

introduces a very small (&lt;1%) uncertainty in the results.
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3) Again D,=0 was used, which gives « in terms of the

4) q and N, were related to the other parameters (see

Appendix B). The range of values for q is close to zero and its

effect on the band parameters is extremely small. Ny ranges between

0 and -0.07 and only affects the value of 9c by at most -0.2.

5) In each minimization trial a fixed value of F

yas chosen. These values were F=0, -0.5, -1, -1.5, -2, -2.5, -3,

-3.5. N, was related to F as in Appendix B.

6) In one series of runs y;-y,=0.7 was fixed. In

another series of runs no restriction was imposed on Y3~Yo Another series

of runs can be suggested which choses a different fixed value for

Y3=Y2- We chose 0.7 since this seems to be the value most

~epresentative of the binaries.

7) In summary, in each minimization attempt, 4A, F, Mes

Ny were fixed, and Ego Eps Yo Y2» Y3s Ko and gq were allowed to

vary subject to the following constraints:

(1 - Inte Yo*3 Y3g =»

5 3 ~ Mm

(2) vygver vs tm

a

(3) -(0.011) Yq + (0.011)k+ g = -0.0055

(4) rg = Y “3 J.7/

(4.14)

(4-15)

(4-16)

(4-17)
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Where Eq.(4-17) was relaxed in one series of runs. For

Eq.(4.16) see Egs.(B-21) and (b-25). For Eq.(4-15) we note that

myp=m_[100] and according to Eq.(2-38) Py = Yq ply 43y") where y'

and vy" are given by Egs.(2.23). For [100] direction © = 5 and

b= 7 giving f(e,4)=1 and hence Y'=y,y and 3y"=3 v, + 3 v3» resulting

in Eq.(4-15). |

Table IV-3 shows results obtained for Q9-18 using the

minimization routine with exciton corrections using the Voigt El IH,

RCP and LCP pectra all with H||[100]. In the minimization routine the

following parameters were fixedL A=0.24 eV, B=Y9=0.7, q=N,-0.

my ,=m_[1002=0.45m. F was also fixed and results were obtained for

various values of F. Plots were made using parameters for F=0 and

for F=-2,381. The latter corresponds to E=23.1 which is obtained from

the Tinear interpolation between the binaries InAs, GaAs, InP with Ep

taken from Ref.30 which uses measured values of g. and m. to deduce Es

(see Appendix B and Table B-1). Plots corresponding to F=-2.381 are

sresented in Figures. IV-2 and IV-3. Those generated with F=0 (first

row of Table IV-3) turn out to be virtually identical to those

corresponding to F=-2.381 for all three polarizations (Voigt E H. RCP

and LCP). In other words whether we choose to ignore the effect of the

higher bands on the curvature at the bottom of the conduction band (F=0)

or include the effect (with Es assumed to have the linear interpolation

value) other parameters will adjust to give nearby identical fits. In

Table IV-3 we have also calculated the value of a which is a measure of

the nonparabolicity of the conduction band (see Appendix C) using the
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band parameters for each fit. The variation of a for F=0 to F=-3.5

is from 0.94 tp 0.846,a12.5% decrease. From F-0 to F=2.381

(E,=23.1) o decreases by 0.049 or 5.1%. For H=150k0e on n=7 the difference

between the energies of transition to a(n) is calculated to be ~3 meV

using Eq.(C-18). Numerical calculations using the quasi-Ge Hamiltonians

show an even better agreement to within ~0.5 meV. This shows that

the nonparabolicity of the conduction band is not large enough to narrow

down the range of Ep in these materials, in contrast with the small

gap materials such as InSb. Thus interband magneto-optical measurements

involving rg and T¢ bands alone cannot determine Ey precisely in the

auaternaries and this suggest the usefulness of P measurements involv-

ing ITE transitions, or direct measurement of 9c to obtain E (see

Ref.30 and Appendix B). Another feature apparent from Table IV-3 is

the fact that mes mM, (or Myo ul), Yi, vs and ok vary very slightly

although Es varies from 17.91 to 25.38. Varying my ,.=m_[100] between from

0.45m to 0.4m or to 0.5m changes u_ and nu _ by less than 0.1%. As a

result m. and m_ are determined to within 1.5%. In the case of

19-18 measurements were done with H||[100], so the anisotropy factor

r3-vo=0.7 js used from comparison with T9-50 and the binaries InAs,

GaAs and InP. It turns out that when the restriction on y;-v, is

removed the value obtained from the minimization routine is Y3-Y9=0.35+%

0.05; nevertheless the values obtained for mg and m,_ were the same within

J.1% or better for Y3=Y9=0.7 or 0.35.

Table IV-3 shows that the only precise measurement of Ie

can norrow down E,- Figures IV-1 through IV-3 show experimental points



113

corresponding to the T(H)/T(0) minima the lines are transition

energies as a function of H calculated using the quasi-Ge

Jamiltonians with exciton corrections. Solid lines represent heavy

hole to conduction band transitions and dashed lines, light hole to

conduction band. The transitions are identified in Tables IV-4 and

[\-2

'n summary for Ing 2563 75RSg 52P0 48 (Q9-18) we have

obtained

E4=1065+1 meV (m/u.) = 29.5#0.5, (m/u_) = 18.8£0.5.

n/m = 0.0602+0.001, m./m = 0.078+0.001,

b=7.5:0.2, 45 = 3.1201, «=1.520.1. Assuming

Tp p=m_[100] = 0.45+0.05, A = 0.24:0.01 eV and F = 0 to -3.5. MWe

assumed Y3-Y5=0.7 although the values given above remain rather

insensitive to changes equal to as much as 0.35 in Y3"Yp- For

= = 0 to -3.5: E= 17.5 to 25.8 eV, and g, = -0.05 to -1.5

Preliminary measurements of 9." suggests that Ey is close to

the linear interpolated value of 23.1 eV. (See also Table IV-6).

The value for 8 which we have calculated from our band

parameter (Table IV-3) lies very close to the linear interpolation

between those values for InP and Ing 53635 47As (ternary). The value

of B for the ternary has been measured by Hermann et 21% who use

optical pumping measurements and agrees very well with that calculated

from our band parameters for the Ternary. (See also Table IV-6).

ye
16 \
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 = 1 3(m/u,) + (m/u_)
3 m/u.) = (m/u_)

The conduction effective mass values for y=0 to y=1 reported in

Ref.28 and obtained from cyclotron resonance and magnetophonon reson-

ance are seen to lie on a straight line (see Table V-7). This is

in excellent agreement with our results for both the quaternary

19-18 (x=0.25, y=0.52) and the ternary T9-50 (x=0.47, y=1). The

above discussion indicates that (1) interband magneto-optical measure-

nents, and (2) the interband measurements such as cyclotron and

magneto phonon resonance and (3) optical pumping measurements (including

electron spin resonance) are complementary methods for measuring

band parameters of semiconductors. It is interesting to note that

they all fall in the category of magneto-optics.

8B. a4 Band Parameters for T9-50

Analysis of the data for T9-50 follows exactly the same

line as presented for Q9-18. Qualitatively, many of the assertions

about Q9-18 hold for T9-50. Tables similar to Table IV-3 were

jenerated and the following results were obtained:

1) In what follows the minimization routine was run each

time with the parameters A, q, Ny, were kept fixed. Ego Ess Yi» Yoo Y3:

and « were free to vary subject to D,=0 and m =fixed. We obtained

the following results

'a) 2=0.35 eV vs. A=0.36 eV: Optimization in each gave
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same DRMS. The following changes were observed:

m. by x 0.1%, u_ by £ 0.2%, g. by 5 0.5%.

u, by 2 0.1% and Ego ES and (v3-v,) by g 0.005%

(b) N;=0 vs. N;=-0.03: In the case g, changed by

0.12 and (v3-7,) by 0.2%. The other parameters changed

by less than 0.005%.

(c) g=0 vs. q=0.03: In this case (v3=Y,) changed by

&lt;0.4% m_ and un _ changed &lt; 0.05% and the other parameters

by less than 0.001%.

Therefore, we note that whether we set q=N,=0, or we use

their estimated values (Appendix B), no difference is made in the fits,

and we might as well set them equal to zero.

2) In what follows we run the minimization routine with

m =0.5m, A=0.35¢V, q = N;=Dy=0. We then run the optimization

routine .with-F=0, -0.5, -1, -1.5, -2, -2.2, -2.4, -2.5, -3, -3.5. We

observed that DRMS varies from 2.687 meV for F=0 to 2.676 for F=-2

through F=-2.5 and to 2.683 for F=-3.5. Hardly a decisive minimum

to narrowly determine F. Considering light hole transitions only we

5ti11 did not get a decisive minimum for DRMS to determine F narrowly.

(a) The value of E, varies from 21.0687 eV to 27.0441 eV.

The interpolated value of E,=25.35 eV corresponding to

F=2.46 give DRMS=2.687 meV. We see that our measurements

cannot precisely measure Ep However, with N;=0, the value

of g. changes from -3.2 to -4.67. If as in Appendix B we use
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the estimated value of N;=0.014F-0.02 the range of g,

vould be -3.3 to -4.95. Therefore, a measurement of 9c

with good precision can determine E,. (Refer

Table IV-8.)

to

(b) The value of Ey varies between 812.77 and 813.29 meV;

also for m_/m between 0.4 and 0.6 and a given F, optimal

values of E, varies by about 0.5 meV. Therefore, interband

nagnetoabsorption experiments yield E,=81320.5 meV.

(c) Again for F=0 to -3.5 the minimization routine

yielded 0.8035 Y3"Y2 0.751 for mp =0.5m. In fact for

Mp/m between 0.4 and 0.5, optimal values for Y3-Y lie

setween 0.74 and 0.83. As mentioned before interband

magnetoabsorption experiments determine Y3=Y9 narrowly

provided spectra are taken with A along different crystal

axes. In the case of T9-50, we had taken spectra with

31101007 and with H||[110].

(d) The values for u,/m and u_/m are again narrowly

determined by interband magnetoabsorption measurements.

Again, with Mpp/m=0.5, as F was varied between 0 and -3.5,

a /m changed from 0.02293 to 0.02318, a change of 0.3%.

This gave 43.14&lt;m/y ¥43.60 similarly 0.03848 y_/m&lt;0.03799

giving 25.92¢m/u, $26.32. For different values of m_/m

yetween 0.4 and 0.6 these values change by about *0.2%

[t is also found that fits with values differing by #1% to

+2% of these values although strictly not optimal in the
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mathematical sense, still give fits quite as good. This

means that

(m/u,) = 43.4¢1.0

(m/v) = 26.10.5

(e) Form, /m=0.5 and F. from 0 to -3.5 the values for

m./m changes from 0.04112 to 0.04181, i.e., by 2% whereas

the value for m,/m changes from 0.05186 to 0.05201, a mere

0.2%. For different values of Mpp/m between 0.4 and 0.6

and a given F, me changes by 3%, and m_, by 2%. Therefore

our experiments give m/m= 0.0415 (15%) = 0.0415¢ QQ015 and

Myp/M = 0,0515+0.0015.

(f) B=3:0051n excellent agreement with Ref. 24.

(g) ++ = 10.6:0.2, vp = 4.00.1, v§ = 4.8:0.1

L
- 3.3+0.1
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TABLE IV-1 Binding energy Ep of the 1S state of a hydrogen-l1ike atom

(in units of the effective Rydberg R) vs. the reduced

magnetic field v, (see Text).

R

3.0 1.000

0.025 1.025

0.05 1.049

0.075 1.072

0.1 1.095

0.15 1.139

0.2 1.181

0.25 1.220

3.3 1.258

0.4 1.329

0.5 1.394

0.6 1.454

0.7 1.511

J.8 1.564

J.9 1.613

1.0 1.661

1.1 1.707

1.2 1.749

1.3 1.791

1.4 1.831

=B

1.869

1.6 1.906

1.7 1.941

1.8 1.975

2.0 2.041

2.2 2.103

2.4 2.162

2.5 2.191

2.6 2.218

2.8 2.272

3.0 2.323

3.5 2.444

5.0 2.750

7.5 3.152

8.388 3.273

10.0 = 3.474

12.58 3.755

15.0 3.985

17.48 4.198

20.0 4.392

-B

23.4 4.629

25.0 4.733

30.0 5.031

34.95 5.293

40.0 5.535

45.0 5.754

50.0 5.957

55.0 6.146

62.91 6.422

69.9 6.645

83.88 7.048

97.0 7.384

100.0 7.519
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TABLE IV-2

Eq(ev)
A(eV)

Cc

E (eV)

m./m,

Mh!Mo

Men/Mg

‘9 7

Band parameters for binary semiconductors determined from

interband magneto-optical measurements used to estimate

band parameters for Inj_xGayAs Py y-

Inf&lt; GE.Ae onl

1.41 YA 1.42

0.38 0.34 0.11

20 TY 7

0.024 0.067 0.079

N.4 0.45%0.07 0.45%0.05

0.026 nN 082 0.12

od5 74 J /

From values quoted in Ref.6.

Dpef.23.
“These values for Es are not deduced from direct measurements of 9c

and me. Therefore these were not used in our actual calculations,

instead, we used Eq values given in Ref.30 (see Table B-1).
d
Ref.25.



Table IV-3

Band parameters obtained for the sample Q9-18 using the minimization routine with exciton corrections using
data from the Voigt E || H, RCP, and LCP spectra, all with H || [100]. In the minimization routine, the

following parameters were fixed: 4 = 0.24 eV, y3-v, = 0.7, q=N; = 0, m, = m_[100] = 0.45 m, and F.

ORMS

(meV)
E, (meV) E, (eV) { m./m u,/m u /m 3

1. fq
TE

vhs © m,/m m/u,

0.03369

29.68

m/u (m/m) %a
| 0.964

271.86

 "5
|J 3.459 1064.29 17.9055

-0.064+
-0.20 +

1.9485

0.2964

7.5565

3.1004

1.5152

0.05955

0.07757

0.05259

19.015

| 3.377

=1.0 I 3.457 1064. 35 20.1497

-0.32

-0.51

1.2343

-0.0607

0.05963

0.0777]

|

|
7.5448

3.0945

1.5093

0.03374

29.64

0.05265 | 3.379
18.99

| 0.959
269.78

-2.0 | 3.458 1064.55 22.3021 |20.57

-0.82

0.5489

-0.4034

7.5262

3.0853

1.5001

0.06001

0.07787

0.03389

29.5]

0.05295 | 3.371
18.86

 0.931

268.61

-2 381*| 3.459 1064.66 23.0996 |
-0.66

-0.92

0.2956 |0.5301

7.5278

3.0860

1. 5008

0.06023

0.07792

0.03397

29.44
0.05312 | 3.365 | 0.91518.825 252.12

=3.0 3.468 1064.89 24.3700

-0.81

-1.11

| -0.1064

-0.7311

7.5219

3.0831
I 4970

0.06067

0.07799

0.03413

29.30

| 0.05346 | 3.354' 0.880 |
18.71 239.19

25.3764 -0.4225

-0.93 -0. 8891
_ _ _ -1.25_ 1 _

*Parameters used in Figs. IV-4 and IV-5. Value of Ep correspondstothelinear interpolation (see Table B-1).

"The Tower value for |gc| corresponds to Ny = 0, the higher value corresponds to Ny = 0.14 F - 0.034 as in
Table B-2. o is a measure of the nonparabolicity of the conduction band given by L. (C-18) in Appendix C.

_ oq 3(m/uy) + (m/w)

8=3 m/u,) - (m/u_)

0.03427 | 0.05381 | 3.338
29.18 18.58

0.846

226.59

nN
Cc.
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TABLE IV-4 Identification of Interband Transition Lines in the

Voigt Configuration (i.e. KiH) for E||H.

Label Transition Label Transition Label Transition

b=(1)a%(0) 1b (2)a%(1)

a*(-1)b*(0) 12 a”(3)bS(4)

b™(2)a®(1) 13 b7(5)a%(4)

a’ (0)b%(1) 14 a’(2)b%(3)

b*(1)a%(0) 15  b¥(3)a%(2)

a” (1)b%(2) 16 a” (4)b%(5)

b~(3)a%(2) 17 b7(6)a(5)

at(1)b¢(2) 18 a"(5)bS(6)

3 a"(2)b%(3) 19 b7(7)a%(6)

10 b7(4)a%(3) 20 a'(3)b°(4)

21 b¥(4)a®(3)

22 a~(6)b%(7)

23 b7(8)a%(7)

24 a~(7)b%(8)

25 b7(9)a%(8)

26 a (4)bS(5)

27 b¥(5)at(4)

28 a~(8)b%(9)

29 b7(10)a%(9)
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TABLE IV-5

1

3

S

l

)

0

|.

2

3.

a

5

6.

17.

8.

1).

» 5

/ )

Identification of Interband Transitions in the Faraday

configuration (i.e. k||H)

JUa _P

a™(1)a%(0) a’(-1)a%(0)

b=(1)b%(0) b*(-1)b%(0)

at(1)a%(0) at(0)a%(1)

a"(2)a%(1), b7(2)b%(1)  bT(0)bE(1)

a"(3)a%(2), b7(3)b(2)  a*(Na®(2)

a"(2)a%(1) a™(2)a%(3), b7(2)b(3)

a(4)a%(3), b7(4)p%(3)  bT(1)bE(2)

a”(5)a%(4), b7(5)b(4)  a7(3)a(4), bT(3)b(4)

a'(3)a%(2) a”(4)a®(5), b™(4)b%(5)

a™(6)a%(5), b7(6)bS(5)  b'(2)b%(3) |

a™(7)a%(6), b7(7)bS(6)  a(5)a®(£), b7(5)b°(6)

a*(4)a%(3) a™(6)a%(7), b7(6)b%(7)

a7(8)a%(7), b7(8)bS(7)  b¥(3)bC(4)

a~(9)a%(8), b~(9)bS(8) a” (7)a%(8), b~(7)b%(8)

a’(5)ac(4) a”(8)a%(9), b7(8)b%(9)

a” (100209), b™(10)b%(9)  b*(4)b(5)

a~(11)a%(10), b= (11)bc(10) a~(9)a(10), b™(9)b"(10)

at(6)a%(5) a~(10)a%(11), b~(10)b%(11)

a~(12)a%(11), b=(12)b%(11) b*(5)bC(6)

a~(13)a%(12), b(13)b°(12) a~(11)a%(12), b7(11)b%(12)



Table IV-6

Optical Pumping Measurements in In; _,Ga,As Py_, Epitaxial Samples (After Ref. 24)*

/ oe (eV) E,
A A (eV)

I) ) |.423+0.0005° 1.53140. 0025

0.16 | 0.34 1.19+0.01 1.37+0.005%
 ee————

0.262 | 0 602 1 nasa

0.30 | 0.61 1.035+0.01 1.29+0.01

0.39 | 0.84 0.875+0.01 1.18+0.01

0.47 | 1 0.80+0.1
0.810

1.15+0.01*

*Values in this table are obtained by Hermann, Lampel, and
indicated.

Mhese results were the same at 1.7 K and 77 X

AleV)

0.108P

0.18

0.253

0.255

0. 305

0.35

0.340

Pearsall|
24

»

4.1+0.5°

4.2+0.4%

3.4+0.4

3.0+0.2"

and at T =

m_/m m,/m

0.079P 0.12+0.01P

0.0664 0.109

0.92

0.0728

0.0524 0.072+0.01 |
TR———gia.

0 oad 0.061+0.007

0.0419 0.051+0.005

1.7K, unless otherwise

g.
d

+1.24

+0.50

-1.25
 CE——

“3.0

La.24259

no
gr

arp. Pearsall, Private Communication.

Oc rom Ref. 23.

“Calculated from Ref. 23.

devon Ref. 33.
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TABLE IV-7 conduction band effective mass obtained by cyclotron

resonance and magnetophonon resonance for Inj _yGa,As Pq _y-
[After Ref.28).

Cyclotront
resonance

my e/m

Magnetophonont
resonance

InP mode InGaAs mode

m'ye/m  mc/m
AT11oy composition

0.11 0.23

0.15 0.33

0.25 0.53

0.25 0.54

0.26 0.58

0.26 0.59

0.30 0.64

0.38 0.84

0.41 ~~ 0.91

0.47 1.0

0.0693

0.0666

9.0603

J.071*

0.0602

0.0585

0.0583

0.0478

0.0587

0.0565

0.0565

y ©J)

J.055

0.0468 0.0468

0.0441

0.043*0.041*

a J

t %

m ps High frequency or true "bare" mass

“From Ref.33



Table IV-8

Band Parameter for T9-50, with A = 0.35 eV, q = 0, Ny = Q, m_[100]=0.5m kept fixed

un DORMS fa Yo
=

(meV)

J

(meV)

22.6 2.687 0.8034 812.77

2 | 22.7 | -0.5 | 812.77

1.0| 2.680 ' 0.7907| 812.80

1.5|2.678 | 0.7844|812.85

3] 22.8|

a | 22.9

5 | 22.10] 2.0| 2.676 | 0.7783| 812.93

6 | 22.10] -2.2 | 2.676 | 0.7758| 812.97

2.4 | 2.676 | 0.7738 |7 1 22.12]

8 | 22.13] -2.5 | 2.676 ' 0.772 | 813.03

9 | 22.141 -3.0 | 2.678 ! 0.7657 | 813.15

0|22.15! 3.5 | 2.683|0.7501 | 813 29

E (eVplev m./m m, /m y/o p_/m

9¢

21.0687" 0.04112

-3.202

m/u, m/u_ L
Ys.

0.02293 0.03799

_ 43.60 26.32

21.97111 0.04112 | 0.05190 0.02294 | 0.03799
-3.425 0 _ o_o

22.856 | 0.04115 | 0.05194 | 0.02296 | 0.03802
-3.643 _

© 23.7244" 0.04122 | 0.05197 | 0.02299

-3.856_
24.5765|0.04132
-4.066
24.9131! 0.04137

-4.148
25.2472 0.04143

4.23

0.05186 10.6406

4,8188

a——

0.02306

 43.365
0.04146 | 0.0520 ' 0.02307

43°35

1 0.04162 | 0.05201 | 0.02312

0.03826

26.13 _

0.03828 [10.615
26.12 4.7868

0.03842

25.4134

4.271

| 26.2355

_4.472

| 27.048
4.67

0.04181 ! 0.05201 | 0.02318
43.14

| 0.03858
25.92

nN
Or

*This Table is the result of minimization routine with exciton corrections using the data

for T9-50 taken in the following configurations: Faraday, RCP and LCP with H||[100}, Voigt

F| [A and E,R with H|[[110].
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FIGURE IV-1 Point plot and fan chart (photon energy vs. magnetic

field) for the maghetoabsorption spectra obtained in the

Voigt configuration (KJH) with E||H for the sample Q9-18.

Transmission minima at various magnetic fields are shown

by the dots. Curves are calculated transition energies

based on the quasi-Ge analysis with exciton corrections.

Solid linesrepresent the heavy hole to conduction band

transitions, dashed lines represent the Tight hole to

conduction band transitions. The transitions are numbered

according to Table IV-4 in the order of increasing

energies as follows: 1,2,3,5,4,6,7,8,11,9,10,12,13,14,15,16,17,

20,21,18,19.
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FIGURE IV-2 Point plot and fan chart (photon energy vs. magnetic field)

for the interband transitions in the Faraday configuration

(k| |[#) with RCP polarized light for Q9-18. Dots represent

experimental data (minima in transmission spectra). Lines

represent calculated transition energies based on the

quasi-Ge analysis with exciton corrections and are numbered

according to Table IV-5. The solid lines represent the heavy

hole to conduction band transitions. The dashed lines

represent transition from the light hole to the conduction

band.
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FIGURE IV-3 Point plot and fan chart (photon energy vs. magnetic field)

for the interband transitions in the Faraday configuration

"KIT) with LCP polarized light for Q9-18. The calculated

transition lines are labeled according to Table IV-5.

The unnumbered line corresponds to the two close-lying

transitions a~(1)a(2) and b~(1)b%(2).
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SIGURE IV-4 Point plot and fan chart (photon energy vs. magnetic

field) for the interband transitions in the Voigt configura-

tion (KH) with E| | for the sample T9-50. Transitions

are numbered according to Table IV-4.
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FIGURE IY-5 Point plot and fan chart (photon energy vs. magnetic

field) for the interband transitions in the Faraday

configuration (k||H) with RCP polarized light for T9-50.

The transitions are numbered according to Table IV-5.



135

Inos3 Gao.a7 AS
k Il HII [ool]

RCP

® EXPERIMENT ~~

— THEORY ?

1.000} (Heavy Holes) b.
&gt; ——- THEORY °°

co 0.980+ (Light Holes)

© 0.960
= -= 0.940
Li)

2 0.920+

°
&gt; 0.900+

=
0.880

17161814 1513
A

P

0

Q

-—

=

 ef

~

=

a

0.860

0.840 Be

—

-

0.820} - ES SRN EE EE -

0 20 40 60 80 100 120 140 160

MAGNETIC FIELD (kOe)



136

FIGURE 1V-6 Point plot and fan chart (photon energy vs. magnetic

field) for the interband transitions in the Faraday

sonfiguration (K||H) with LCP polarized Tight for the

sample T9-50. The calculated transtion lines are labeled

according to Table IV-5. The unnumbered line corresponds

to the two close-lying transitions a~{1)a%(2) and

57(1)b%(2).
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CHAPTER V

CONCLUSION

A. Summary

This work represents an account of the first interband

magneto-optical investigations in members of the Iny_,Ga,As Py y semi-

conducting alloy family which are important materials both technologi-

cally and from the point of view of the III-V semiconductor physics.

[In this thesis we have included our results of interband magneto-

absorption for two samples:

Ing 7562) 25ASq £oPq gg (09-18), and Ing g4Ga, 4-As (79-50),

both grown by liquid phase epitaxy on InP substrates of (100) orienta-

tion at M.I.T. Lincoln Laboratory. The experiments were carried out

at M.I.T. Francis Bitter National Magnet Laboratory using high field

Bitter magnets. Magnetoabsorption spectra were obtained, at near

liquid helium temperatures, for several field values up to 155 kOe

sweeping the wavelength of monochromatic infrared light, in both the

. &gt; , &gt; &gt; &gt; &gt; &gt;

Voigt configuration (k | H) with E||H and E ]H polarization, as
&gt; &gt;

well as in the Faraday configuration (k||H) with right and left

~ircular polarization. The structure in the spectra was attributed

to optical transitions from the heavy and lighthole magnetic sub-

bands to the conduction sub-bands and the transition energies obtained

From the experimental spectra were used to form the basis of electronic
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band analysis in the context of the quasi-Ge coupled band formalism.

This analysis involves explicitly the conduction band, the heavy

hole, the Tight hole, and the spin-orbit split-off valence bands of

the fundamental edge, and treats the other bands as perturbations

whose effect appears as adjustable coefficients in the quasi-Ge 8x8

kp Hamiltonian. This analysis was attempted to identify and fit

the experimental data to the interband magneto-optical transitions.

In the analysis we included an approximate exciton correction,

which is small. This analysis was carried out to determine band

parameters, which would best fit the interband measurements carried

out in this work, consistant with physical considerations. A range

of acceptable values for the band parameters was thus obtained. The

quasi-Ge band parameters are Eqs Ep» YI» Yo» Y3» Ko F, gq and Ny»

defined earlier. Our analysis shows that Ny s which is a small correc-

tion to the conduction band g-factor due to higher bands, does not

affect our results. That is to say reasonable range of values for

Ny leave our fits and our band parameters unchanged. A similar

conclusion was reached regarding gq. This means that these

parameters could be set equal to zero. It was found that even for

a relatively wide range of heavy hole mass m_ values, and a wide

range of F (the higher bands' contribution to the conduction band

mass m), our best fits to the data would yield a very narrow range

of values for the energy gap Eg and the reduced effective masses

u, and p_ for the light (+) and heavy (-) hole to conduction band

transitions. Similarly, a narrow range of values was obtained for
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Y3=Yo when measurements were made with the magnetic field along

more than one crystal axis. Since m_&gt;&gt;m_ the value of u_ is rather

insensitive to m_. Therefore, our magnetoabsorption measurements

have been able to determine m. within a narrow range. Hence,

combining the result for u, and m,, the light hole mass m_ is

also determined within a narrow range.

Our values for me» are in excellent agreement with intra-

band measurements using cyclotron and magnetophonon resonance

techniques. Furthermore, our results for nu,, u_ and m_ are in

axcellent agreement with those obtained from optical pumping

measurements recently reported.

The value of Me cannot precisely determine the interband

transition energy Ep This is because of higher band contributions

to the curvature of the Te conduction band. This contribution can

be as high as 20% compared to the contribution of the T's and Tg

valence bands. In fact our data accepts a rather wide range of F

‘between 0 and -3) resulting in an uncertainty in Ey Values of

a. corresponding to F=0 as well as those corresponding to the value

obtained from linear interpolation among the binary constituents

InAs, GaAs, and InP give good fits. The value of Es can be

narrowly determined provided the conduction band g-factor oJ is measured

within a narrow range and Ey and A are known, since Ny» representing

the higher bands' contribution to 9g.» 158 quite small. Recent prelim-

inary measurements of Je by optical pumping methods gives values

for E, close to the interpolated values.
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The linear dependence of m. upon y, which is strongly

suggested by cyclotron and magnetophonon as well as our magnetoabsorp-

tion measurements, seersto suggest that the Ey values as a function of

alloy composition y should show a small bowing downwards away from

linearity. This point needs to be investigated further, and

accurate g_. measurements will be useful in this regard.

*inally, if the exciton corrections are ignored the

sarameters deduced from the analysis would be affected by about 2%

or less

In summary, interband magnetooptical studies offer a

relatively simple, and effective method for obtaining accurate

measurements of a number of band parameters. These measurements do

not require high concentration of conduction electrons and therefore

&gt;

give band parameters for k=0. This is in contrast with some intra-

hand methods, such as Shubnikov-de Haas which require high electron

concentration which then necessitates complicated corrections to the

measured data.

3 Suggestions for Future Studies

In what follows, we give some suggestions for further

sxperimental studies in the InGaAsP semiconducting alloy family.

|) Electroreflectance measurement of transitions from

1

2 as well as To bands to the Tg bands of the fundamental gap using
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room temperature magnetoelectroreflectance or Schottky-Barrier

magnetoelectroreflectance at Tow temperature.

2) Above studies using Stress-modulated magnetroreflection.

3) Cyclotron resonance measurement of hole massas

1) Accurate measurement of E, by measuring 9c accurately

using optical pumping methods which is already being carried out by

sthers

3) Interband magneto-optical studies in other members of

"his alloy family

3 Study of the effect of lattice mismatch on the band

Jarameters



'45

APPENDIX A

ELECTROREFLECTANCEOFInGaAsP/InP EPITAXIAL ALLOYS

Electroreflectance (ER) is a very sensitive technique

for measuring the fundamental energy gap Ey» and the corresponding

spin-orbit split-off band energy Eotdos as well as higher energy

critical points such as Eys Eq+dys Ess Ejt2,e even at room temper-

ature, Recently the ER technique has been successfully applied

to a member of the InGaAsP family to measure E, and E +A, at Tow

temperature using Schottky barriers.” More recently, the electrolyte

electroreflectance technique has been used to measure Ey» Egtlys

and higher energy critical points.&gt;° In this report we present

results of electroreflectance measurementsinfourdifferent samples

of InGaAsP and one sample of InP using the electrolyte technique.) 2

The characteristics of the samples used in this study are summarized

in Table A-1. The samples LPE - 91, LPE - 92, and LPE - 93 were

provided by Dr. Zong-Long Liau of M.I.T. Lincoln Laboratory. These

epitaxial samples were grown from the same melt composition at

different growth temperatures (640.2°C, 628.6°C, and 630.85°C

respectively), to give various lattice mismatches as in Table A-1.

The electroreflectance method as shown in the present

study is sufficiently sensitive to detect slight variations in

the energy gap Er of the samples.
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The samples were immersed in a sample cell containing a

dilute electrolyte with a quartz window at the bottom making a

small angle with the surface of the samples to separate out the

unwanted reflection from the window. One electrode was soldered

to the back of the sample. The edges and the back of the sample

were covered with black wax for electric insulation from the

olectrolyte. A piece of platinum wire with one end immersed in

the electrolyte made up the second electrode. A modulating voltage

with square wave form at 85 Hz was applied between the two electrodes

with or without the dc bias. With the resistivity of the electro-

lyte negligibly low this voltage drop occurs almost entirely in

the narrow semiconductor-electrolyte interface, thus creating a

high electric field on the surface of the semiconductor, normal

to this surface. In addition to the external voltage, there is a

auilt-in internal voltage at this interface of order of a few

volts. The electrolyte used in case of the first three samples

in Table A-1 was a 0.002 molar solution of KOH in deionized H,0.

for the other two samples a very dilute solution of HF in deionized

H,0 (1-2 drop in 0.5 litre of H,0) was used. The optical setup is

essentially similar to that described in Chapter III except for the

following: (1) A single pass monochromator was used, (2) for the

InP and Q9-77B sample we used a Bausch and Lomb grating with 640

lines/mm blazed for 1.4 um (blaze angle 65=26° 45') and for the

LPE-91 through LPE-93 samples the grating had 300 lines/mm blazed

for 1.0 um (6,=8°38'), (3) no dry air was used, and (4) the
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incident light was not chopped. Light from the tungsten lamp was

passed through the grating monochromator and filters, and was focused

on the sample going through the quartz bottom window and the electro-

lyte. The Tight reflected from the sample was then focused on a

room temperature PbS detector. Due to electric field modulation,

the reflected signal had a modulated component, AR. The modulated

signal from the PbS dector, AR, was detected by a lock-in amplifier

locked to a reference signal synchronous with modulated voltage

applied to the sample. The wavelength A was swept and AR vs. XA was

stored on paper tape for computer analysis. For each sweep the

conventional reflection spectrum, R vs. A, was also obtained with

a chopper and lock-in amplifier. AR/R spectra were calculated

cumerically, and plotted vs. photon energy. Figures A-1 through

A-3 show some of the electroreflectance spectra obtained in this

study.

The intensities and energies of the observed peaks in

the ER spectra are summarized in Table A-2. The values for E, and

Esta, are calculated from our tabulated data using the three

parameter method of Aspnes and Rowe, 7 although we realize that this

method applies only to the Tow field regime for centrosymmetric

crystals, or for certain polarizations and crystal surfaces (see

Refs. 3, and 8-11) in case of zinc-blend type crystals. As is

apparent from our spectra, one can see the onset of Franz-Keldysh

oscillations which appear in the high-field regime.&gt; The

appearance of Franz-Keldysh oscillations as well as the large
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magnitude of AR/R even for peak-to-peak voltage, Yop: of only

0.08 V is remarkable and shows that these quaternary samples possess

relatively high electron mobility, compared to those in Refs. 5 and

16. Another feature of the spectra is the following. As shown

for example for sample LPE-91 in Table A-2, the positions of A

and B peaks remain constant within 1 meV and that of A' and B'

peaks within 5 meV, when Vip are varied from 0.08 to 2.0 volts.

However, the intensity of the peaks do: not scale linearly with

Vop- Here A and B refer to the largest peaks (corresponding to

E,) with A having the Tower energy, E,&lt;Ep. Similarly A' and B'

refer to the E +A edge with Epi&lt;Egi do not scale linearly with

Vp-p The spectra, however, seem to shift with the applied dc

voltage. The piezoreflectance contribution which could be present

in our case (see Refs. 8-11) is estimated to introduce only a

small correction to the spectra. This point, however, needs to

be investigated in the future using the polarization dependence

of this contribution. One point of uncertainty is the effect

of the built-in potential on shifting the values of Eo and Ej¥ags

which could depend on the electrolyte used. However, this

dependence on the dc voltage is expected to be small. For

instance, from lines 7-9 in Table A-2, it is apparent that a change

of 1.16 V in the dc bias shifts the A and B peaks only 10 meV,

and the Eo value calculated by the three parameter method of

Aspnes and Rowe’ shows only a 4 meV shift and Ejta,s @ 19 meV

shift. This point needs further investigation. Finally, the
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small variation in the lattice mismatch induces remarkable changes

in the spectra, in terms of peak positions and line widths, as

seen in Figure A-3. The new small peaks between the two largest

peaks in the LPE - 92 spectra may be due to the strains induced

by the relatively large lattice mismatch.

In conclusion, we have shown our first results of electro-

lyte electroreflectance of some members of the InGaAsP family with

some of the samples purposely lattice mismatched to the InP sub-

strates. Spectra show quantitative as well as qualitative differ-

ences. We believe electroreflectance offers a very sensitive

tool in observing such changes. We suggest that further investi-

gations especially with polarized light and as a function of dc

bias could facilitate further understanding of the spectra. Finally.

it is noted that the spin-orbit split-off edge is observable with

the aid of electroreflectance method even at room temperature.

Therefore, magneto-optical measurement of the spin-orbit split-

off to conduction band transitionsin the quaternary alloys should

be possible, using electrolyte method at room temperature, as

reported for Ge, GaSb, InSb, and InAs. 3:14
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TABLE A-1 Characteristics of the expitaxial Ing _Ga,As Py
samples grown on InP substrates used in the present

sTectroreflectance studies.

Sample Aaja E (eV)

np’ 1 .34 g

Q9-778 0.23 0.52

LPE-91 (0.17)+  (0.4)+

LPE-92 (0.17) (0.4)

LPE-93 (0.17) (0.4)

&lt;6x10°% 1.0 ss

0.143% 1.08

+0.205%

0.13%

fe Lattice constant mismatch of epitaxial layers relative to InP

substrates.

**Bulk sample.

5 Reference 1 of this Appendix.

s§Estimated from Reference 15 of this Appendix.

 kL Values in parenthesis are those given in Table 1, line 1 of
Reference 12 for quaternary grown from the same melt composition

at a different temperature resulting in La &lt; 0.03. This melt

composition consisted of the following atom fraction percentages:
In(95.77%), Ga(0.35%), As(3.54%) and P(0.34%).



TABLE A-2 Summary of the electroreflectance measurements. External V is measured from the platinum electrode

to the sample electrode.

ad i

Line a electro- External V(volts) Ep(eV) Eg(eV) E (eV) En (eV) Eg (eV) Egan (eV)* 8,(ev)*
Figure Sample 5 lyte dc pp 106 (AR/R) 108 (aR/R) 108(aR/R) 10°(AR/R)

1 A-1 "ne KCe/H,0  -2.2 30

2 A-2 Q9-77B --  KCa/H20 1.0 2.0

LPE-91-0.143 KC%/H20 0.0 0.08

4 A-3 LPE-91-0.143 KC2/H20 0.0 0.4

LPE-91-0.143 KC2/H20 0.0 2.0

LPE-92 0.203 HF/H20 0.0 0.46 A=;

LPE-93 0.13 HF/H,0 0.0 0.4

LPE-93 0.13 HF/H20 0.56 0.4

LPE-93 0.13 HF /H20 0.6 0.4J

10 A-3 LPE-93 0.13 HF/H20 0.0 0.4

1.337 1.356
-44814 24492

0.978 0.999
-13412 10285

1.096 1.115 1.101
-2598 1285

1.096 1.115 1.101
-9675 4733

1.094 1.114
-17934 9623

1.037 1.081

-9043 11548

1.059 1.096 1.065

-31337 9971

1.063 1.090 1.066
-28477 6821

1.054 1.098 1.062

-23976 7997

1.054 1.098

-25116 10183

1.439 1.47 1.442
6196 180

1.235 1.269 1.264
-166 = 579

1.305 1.343 1.310
-145 37

1.309 1.348 1.310
-544 44

1.309 1.340 1.310
955.5 47.5

1.269 1.314 1.296
-676 983

1.286 1.334 1.302
-2475 1468

1.230 1.291

342 -2350

1.284 1.332

-1468 1209

1.282 1.329 1.303
-1863 1559

) 100

0.278

0.209

0.209

0.210

0.233

0.237

0.224

0.243

0.239

aed

 nN
 ed

*Based on the three-point method of Reference 7.
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FIGURE A-1 Electrolyte electroreflectance spectrum of the InP

bulk sample from (100) surface. In this and all of

the other measurements the external applied voltage

nas measured as the voltage drop from the platinum

electrode to the sample electrode measured externally.

The two larger peaks A and B(Ep&lt;Ep) correspond to the

fundamental edge, and the A' and B'(Eq1&lt;Eg:) peaks, to

the corresponding spin-orbit split-off edge.
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FIGURE A-2 Electrolyte electroreflectance of spectrum of the

quaternary sample Q9-77B from (100) surface. Note the

onset of Franz-Keldysh oscillations.
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FIGURE A-3 Electrolyte electroreflectance spectrum of the three

quaternary samples LPE-91, LPE-92, and LPE-93. Note the

qualitative differences as well as the change in peak

sositions and linewidths among the three samples. The

two small peaks between the two large ones in the LPE-92

spectrum may be caused by the strains due to the relatively

large lattice mismatch with the substrate.
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APPENDIX B

THE K-p PARAMETERS AND ESTIMATIONS

The Kp parameters of Table II-2 will be given here in terms

of sums over intermediate states when applicable. Some of these

parameters are related to those introduced by Kane! who used the

single group representations of Tq instead of the double group

representation used by Weiler.’

1) P= -i(h/m) &lt;S| p, [X&gt; (Ref.
¥

(8-1)

2) C is allowed by the spin-orbit interaction and is

defined by Dresselhaus .

C x. , &lt;Y4|Hg [ry 4&gt;&lt;rit]py [24&gt;
2/7 mec? Iy=Tys Tg Ey - E(T})

=&gt;

Where Eg is the valence band energy at k=0. The P and C are parameters

in the single group representation of Ty In the double group representation.

additional parameters P' and C' are obtained. These new parameters

are expected to be very close to the unprimed ones

3) The parameters Yi» Ys Y3s K

of the Kane parameters Ags By» Cys and Dy’

 2
; ~5{A#By+2C,+20, ) -1

‘9
od
= x {A +B -Cy-Dy)

are linear combinations

(B-3a)

(B-3b)
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Ya
 | 1
=- 3A - 7 Bg + CG - Dy)

&lt;
| 1
 {Ag = 7 Bg = Cy + Dy) --

(B-3c)

(B-3d)

The Kane parameters are defined in terms of matrix elements of P

among the k=0 states belonging to the sinale-aroup representation of Ty.

112 |

 2) y |&lt;X|p, |Ty&gt;] B= g LHe ol
mob TE CE) hoLTE,SEG)K™m r, Eq E(r K nf, E, E(ry

' 1 12

C1 lel yoy [Alin&gt; TT CET) = EET
K=m {EE KZ fy Ey ECT

(B-4)

where E, is the k=0 energy of the valence band (E,). The other

Kane parameters are

&lt;S|p,l1y&gt;
; - E(T))
7 L Es 4

TEE)
-

ha,

shere in Eq.(B-4) E, is the conduction band energy at k=0,(i.e., E.)-

No
 aq 9=-

&lt;S|p 1 &gt;&lt;1y Ip, [12&gt;
m = E(T))
m L E E 4

(B-6)

where E_ is an average of E_ and E, Actually for E(Ty)&gt;&gt;E (EE),

5 would be insensitive to whether one uses E. or ~
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4) When the spin-orbit splitting of the higher T, bands

is included (i.e., I, &gt; Tg» ry) another four parameters are

obtained: 2

 8 ' ' 8

8 i 7 $V3/01P, | Tg&gt;&lt;Tg [Py [v3 52
27 m go E -E(T,)

3 Vv 8

]

6 ' ' 6

I. &lt;q 10 PlTo&gt;&lt;Ty | Ply o&gt;
N, = -—— } &lt;Y172'Px!'g&gt;&lt;'g IPyl¥1/2

 oom 3 E_-E(fg) |

6 boo 8

 so) &lt;b /alpylTg &gt; Tg Ip, 1v25/p2
Tg E -E(Tg)

° 6 ! | 8

N z ) &lt;Uq 1p Tg &gt;&lt;vg |p 1923/27
3m og E -E(Io)

8 0 8

(-re 7)

(= 3)

(7-9)

(E-30)

[n the single group approximation N4 can be expressed as

JI.  Ny Yas
1]

3

V2

y ne y |&lt;SIp, IT] Bo
1° 3m I [E_-E(T,)] [E_-E(T,)]

3 -

v= E(rf) - E(rS)
hx

(B-11)

(8-12)

as shown in Figure II-1. The higher-band energies which appear

throughout this Appendix are those for k=0.
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Considering the leading term explicitly Eq.(B-11) can be written

7]

§

+
;

- } ' 2

Sc |&lt;Slp, 1; &gt;]
(E(rg) - E(r7)

LE -E(r5) IEE),
+C (2 3)-

where Ig and r; are the next higher energy bands beyond the four-

bands ehich have been considered explicitly in the 8x8 kK-p

analysis and

~

|o
—

-

|&lt;SIp, ITp&gt;]4,
Ly —21.0 (B-14)

is the contribution from all other intermediate states. We

define

-

« !

poy

. n 2 = |

(2/m) |&lt;Slprp&gt;| = Pe (B-15)

Similarly for a, in the single=group approximation, one

bybtains

8)
ad

| 2 !

TY Te.e(r'V12
(B-16)

which yields

pA c

bErS-E, K
(B-17)
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in agreement with the result of Hensel and Suzuki.’ Eqs. (B-11) and

(B-5) gvive

i By F
~ orHy, = 3 (eS) E

(B-18)

In Eqs. (B-17) and (B-18) for E(ry) we can use Ig or 3, since

' Cc LC
As &lt;&lt;L Iq n T

le take Eq.(B-17) further. From Eqs.(B-3) it is seen

hat

Cy = Dy, + {3c - 3y 1) (B-19)

the parameter Dy is estimated to be nearly zero in most of the

literature which gives

4
3 3 1 _ =

ntsytzyyz-gr-5=0,=0 (B-20)

and
ll

1
Cp = {3k = 3 yz +1) (B-21)

Hence, a knowledge of the higher band energies E(Tg) and E(r7) helps

to reduce the number of parameters by relating q and N. to the

rest of K-p parameters through Eqs.(B-18) and (B-21).
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Estimation of Nj

Hermann and Weisbuch® have also considered explicitly one

set of higher bands namely Ts (which in their notation is called I)

which consist of the doubly degenerate 5 and spin orbit split-off 5

(see Figure II-2). There are two typographical errors in their

paper: In Eq.(4) PZ shoud read -P% and in Eq.(6) A multiplies

sverything to its right and not just the first term. Using their

axpressions we get

bh hETE
E(rf)-Eg E(§)-Eg

 bre yee

(B-22)

(B-23)

vhere p12 is the interband transition energy proportional to the

square of momentum matrix element, C and C' come from other higher

sands not included explicitly with C= -2 or perhaps -1 and C' =-0.02.

One observation is that Ny&lt;&lt;F&lt;0. Table B-2 summarizes some of the

salues useful for Egs.(B-22) and (B-23). These equations give Ny

in terms of F:

Ik at — (F-5) + C

2LE(1S)-Eq] + [E(Tg)-Eq]

(B-24)

shich is close enough to Eq.(B-18). Using Eg=0.813eV for the ternary

and Eq=1.065 eV for the quaternary and using interpolated values from



TABLE B-1 Some of the band parameters for InAs, GaAs, InP as well as values obtained from linear

interpolation for the ternary and the quaternary samples (refer to Figure II-1).

InAs GaAs
D

Ing 5363) 47Rs
a

InP

1.423

0.108¢C

Eg(eV)
A(eV)

0.42

0.38

1.519

0.34

(0.937)

(0.36) - d

0.35+0.01

(4.63)

(4.46)

(0.165)

“ES (eV) 4.60
kde gga

Ej+a’ (eV) 4.44

ag (eV) 0.16
me/m 0.0230

gc (exp'tal) -14.8

P2=Ep(eV) 22.2¢
0.5

4.659

4.488

0.171

0.0667

0.44

28.94

0.9

4.79

4.72

0.07

0.0803

1.26

20.7+

1.5

4. 2+259F

(25.35)

C=-2
12 _ {

p =, C=-1
(eV)

0.2 ) (2.8)

(6.4)

2.1

1 ;

{ J

J 5
(-1.4+0.8) ).g +]

Taken from Ref. 4, unless otherwise noted.

byatyes in parantheses are from linear interpolations.

CAfter Ref. 6.

after Ref. 7.

®Estimated from Ref. 7.

After Ref. 9

* Cy (nV

kk I Cc Vv

Elta=E(rg)-E(r7)

p

Ing,75830,25R50.52P0.48
(1.70)

(0.24)
0.23e

(4.71)

(4.62)

(0.12)

(23.1)

(2.5)

6)

(-1.2+0.9)

=]

 nN
on
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Table B-1 we get

TABLE B-2

[9-50 N,=

Q9-18 N,=

C=-2, C'=-0.02

(0.014)F - 0.034

(0.011)F - 0.031

C=-1, C'=0.02

(0.014)F ~ 0.027

0.011 F - 0.026

Eq.(B-18)

0.014 F

0.011 F

This shows that Ny, the higher band contribution to g., is

nuch smaller than F, the higher band contribution to m., as pointed

out in Ref.4. For physically reasonable values of F, Ny is seen to

se very small (see Table B-1) so that it can be neglected in Eq. (3-18).

Thus

 20) = =ee
(B-25)

Precise measurement of 9c» and Ey thus yields Eo(P° in the notation

»f Ref.4) to a good precision. This value of E, can then be used to

obtain F using Eq.(2-17), since m. can be determined very precisely

using interband magnetoabsorption or cyclotron resonance. The

effect of higher bands on me and gc. Was considered for InSb earlier

by Groves, in a similar fashion.®
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Estimate of g

Using Egs.(B-17) and (B-21) and Table B-1 we can estimate

] oll

3

rt
2E
. A!7) rr (rg8)

K

4

(B-17)

(0.017) for T9-50

1 5 =3k+3v, - 1) X

(0.011) for Q9-18

(2-26)

We can use Table B-2 and Eq.(B-26)as two constraint equations

in our minimization routine (Ch.IV). It turns out that for the values

of «x, and Y3 obtained from our minimization routine q is very samll, just

as N, turns out to be. For typical values of q and N; the effect of

these parameters on our experimental spectra is negligible and they

can be set equal to zero.
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APPENDIX C

NONPARABOLICITY OF THE CONDUCTION BAND

C. 1. Conduction Band Energies Up to He (or k*)

In Chapter II, Eq.(2-52), we presented an expression for the

energy of the conduction band up to K*, which included F, the

higher bands' contribution to m.. This can be rewritten as

2
2.2 2 2,2

- A%k m m 3+40Q+ 1 Hk
rer Mh (Myo (222) 2 B55) (en)

Cc a Me m me me 3450+Q Eq 2m

whe, e

 Jd = (A/E) (¢-2)

In a magnetic field, the average of a- and b-series energies for a

given n is obtained when the following substitution is made in

Eq.(C-1):

The result

82kE/2m) &gt; (nt) (2ugh)

15

(C-3)

Cn 1,2 552, 1,2 2 4

= (n)=E +(nt5) ——= (nts) (2ugH) E
(C-4)

2

&lt;q -2F) (Mo. 1) (3H40+Q
m, Me 3450402

\ote that in the derivation of Eqs. (C-3) and (C-4) the assumption is
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that v1=-1, Y5=Y3=0, c=-7, as in Kane's model, which ignores the

effect of higher bands. To obtain expression which allcwvalues

for Y1s Yo» Y3 and « other than the above, we can follow the

treatment presented in Ref. 1. According to this presentation first

the determinant equations for the eigenvalue problems of Egs.(2-13),

for the quasi-Ge model have been obtained [Eq.(102), Ref.1)]. The

eigen-energies are then assumed to have a power series expansion in

sowers of (2ugH):

~
C

2 + (2ugh) Eq + (2ugH)? re (C-5)

One can then obtain

 _— - (n+) m_ |
2 +7 9%

(r.-6)

vshere + is for the a-series and - for the b-series. For the mean

value of EC for a and b series we have obtained

Z 1,m m ' w

75 =. (n+) * Em] - 2F){Q, (mtn +0, +3Y )}

vhere

0 _3+40+20°
1 "34504207

q, 32 =33+20

+ nt (C-7)

(C-8)

(C-9)

and n and £ are independent of n.
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}

I /m 1 iilsee (BL _71-2F r(1- Do_122F)-113
E_ (ne Hz C( 02) (ng )-11} x

x(2-Qy-Q,)

i (G1 - 2F)0Qpry*g Qpl2y'-3v")
1 1

A (20.40, KR —p ————

r (20) 7 ==

2

 = (+2) (7) (2agh) - (m+) (1-26) x
! I 2

 105 (By)#0p(y+3y)HA2ugh)+nte
-~ q

(C-:0)

(C-11)

(C-13)

It turns out that the first term in Eq.(C-7) is much larger than

n and for large n certainly much larger than both n and &amp;.

Therefore, in Eq.(C-7) we can ignore n and £ for large n. Thus

the nonparabolicity of the conduction band up to kK can be

determined from Eq.(C-7) when the following substitution is made:

Ne

2,2
 +f(ng) (2ugH) &gt; To (C-14)

then obtain

z=

3) 2,2 2
my hokS ym m A

mn) om (ho-! - 2F) {0Q, (tv) *0ly *3y )} £m
(C-15)

+

Eo
E. = Ej (1-0 E)

(C-16)
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where

co NK
0 zm,

(C-17)

ind

Ma. 2 , 1 "

« 2 (57) (f=-1-2F) (0g (vy) +0, +3y')} (C-18)

In the Kane model F=C, vy =-1, v'=y =0, and one can recover expressions

given for example by Vrehen® who found 0=0.83 for GaAs. It is important

to note that Eqgs.(C-13) and (C-18) determine the nonparabolicity more

accurately since Kane model is only an approximation.

C. 2. Nonparabolicity of the Conduction Band and Interband Transitions

It is seen in the Figures of Chapter IV (expecially those for

the Voigt and the RCP polarization-configurations), for a given

magnetic field value, the spacing between adizeent transitions decreases

as one goes higher in energy. This is a consequence of the non-

parapolicity of the conduction band and can be seen from Eq.(C-13).

In the point plots for the Voigt and the RCP configurations

we can assume that the minima come essentially from the heavy hole-to-

conduction band transitions, and the nonparabolicity of the heavy hole

pand can be ignored (since it has a much heavier effective mass)

consequently using Egs.(2-23), (C-13) and (C-18) we have obtained the
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following expression for the energy separation between two adjacent

transitions for a given H where n is the conduction band quantum

number:

: 1) = (Mm NPR 2 my

(m)=E(n=1) = (G+) (2ugh)-[(ntz)-(n-7)] og {2ugh) (7)(C-19)

2

(EG=()-2na()pot2ugh) (¢c 20)

where yu, is the reduced effective mass for the heavy (-) as light (+)

hole transitions to the conduction band:

Fquation

[I + 1
bg Me My

(C-20) can be written as

“{n)
en

m m2
(E)-2a(F) Egl(anugh), (n21)

(C-21)

(c-22)

Following Vrehen? and Reine and coworkers® one can measure e(n)

directly from the spectra (Figures IV-, 2,4, 5), for each configura-

tion e.g. H||[100] or H[|[110]. One can then plot e(n) vs. (2nugH),

and fit a straight line through these points by the method of least

squares. The intersection of this Tine with the (2nugH) = 0 axis would

be just (1/u_) for that particular orientation e.g. [100] or [110].

This can also show the anisotropy of the heavy-hole band. The slope of

the Tine will also determine a, the nonparabolicity. These measurements
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can be used for obtaining preliminary values for some of the

parameters to be used for the analysis of spectra as pointed out in

Chapter IV.
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